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ATOMS IN STRONG ELECTRIC AND MAGNETIC FIELDS: THE H-ATOM

H. Rottke, A. Holle, Karl H. Welge

Fakult~t f. Physik, Universitat Bielefeld, 0-4800 Bielefeld 1, FRG

The physics of highly excited atoms in strong ex- from the 1-mixing regime (zero-field Rydberr states n Z

ternal electric and magnetic fields is of inherent and 25) through the n-mixing and the threshold (Hdiam = Hcoul)

general interest for two reasons: Firstly, the external region up into the continuum (E > 0) at B = 0 to 6 Tesla.

forces are on a par with, or larger than the internal Depending on the initial Paschen-Back state in n = 2 and

atomic binding forces, and, secondly, they profoundly the uv polarization final states with mX = 0, + 1, + 2

determine the symmetry of the atomic system. Such systems are excited, all of even parity. Fig. 2 shows a sample

with strong mixing of internal and external interactions spectrum around the ionization threshold. We observe,

are thus no more amenable to conventional perturbation for the first time, quasi-Landau resonances with the H

treatments. Aside from the interest as such, the strong atom. Further results will be presented and discussed in

external force mixing is closely related for instance to relation to theory.

Rydberg-state physics, collisional processes in external 1) H. Rottke, K. H. Welge; submitted for publication;

fields (plasmaphysics), and atomic species in superstrong Phys. Rev. A (1985).

fields (astrophysics). '_

The H atom, with its purely Coulombic potential,

41. A. has naturally served as basis and prototype in extensive

theoretical work in this field. On the other hand, almost

all experimental work has been done with non-hydrogenic _ r Y1 -tFT

* atoms, due to experimental obstacles encountered with

the H atom. In fact, few experiments have been done until '

recently with H in electric fields, and none are known 0 I

in manetic fields. tIIn this paper we first review briefly systematic i

experimental studies with H in electric fields, which O W '

we have carried out recently at excitation energies 0

around the zero-field ionization limit, E - 0.
(I ) We have

employed a two-step excitation technique in crossed laser- .100 0 -100 -200 -300 -400

atom beams, H(1) + vuv - H(2) + uv - H*, with tunable ENERGY (cm"1)
vuv and uv laser light, each of parallel (n) or perpen-

dicular (a) polarization. In the n = 2 state individual FIGURE 1 Ionization spectrum of the H atom in an

Stark sublevels of practically pure parabolic character electric field F=5714 V/cm. Excitation with f polar-
ized radiation from the 11.0,0 > parabolic state of

are prepared, a special feature of the H atom, not en- the Stark manifold in n=2. Quasi-stable states label-

countered with atoms in previous studies. A sample of an led by parabolic quantum number notation, Ini,n 2,1lml>.

ionization spectrum is shown in Fig. 1, exhibiting typical

quasi-stable states at E < 0 and field induced oscilla-

tory resonances in the ionization cross section at E Z 0. B=6T m,=-2 even parity
-  Further results will be given and discussed in relation 6 3I

to existing theory. I "" t 1 1

-\In the second, main part of the paper we report

first experiments with H in strong magnetic fields (B S - I.

. 6T) around the ionization threshold, where the diamagnetic o.
interaction (Hdiam = 1/8 a 2B r sin 6) is the domi- V"eeg .y ( -so, UrcWng enwrgy [cm"]
nating external force, of comparable strength with, or

larger than the Coulomb interaction (Hcoul = - I/r).

Employing again the two-step (vuv + uv) excitation, single FIGURE 2 Ionization spectrum of the H atom around
the ionization threshold in a magnetic field B=6 Tesla.Paschen-Back levels are prepared in the first step. Em- Excitation with n polarized radiation from the Paschen-

ploying field-ionization after the excitation laser pulse, Back sublevel Im= -I>, Ims + 112 < to final states
0 m -2, even parity.p ionization spectra have been taken at excitation energies

.%
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DETERMINATION OF THE TRANSITION MATRIX ELEMENTS AND THEIR RELATIVE PHASES FPOM EXPERIMENTAL

PHOTOELECTRON SPIN POLARIZATION DATA FOR 5p-AUTOIONIZATION OF XENON

Ch. Heckenkamp, F. Schdfers and U. Heinzmann

Fritz-Haber-Institut der MPG, D-1000 Berlin 33, W. Germany
Fakultat fdr Physik er Universitat Bielefeld, D-400 Bielefeld 1, W. Germany

BESSY, D-1000 Berlin 33, W. Germany

The dynamical spin-polarization parameters A, a' and 2. Ch. Heckenkamp, F. Schafers, G. Schbnhense and

S, which have been determined from angle-resolved mea- U. Heinzmann, Phys. Rev. Lett. 52, 421 (1984)

surements of the photoelectron spin-polarization vector 3. R. E. Huffmann, Y. Tanaka, J. C. Larrabee, J. Chem.

using circularly polarized VUV-radiation
]
12 are needed Phys. 39, 902 (1963)

to completely characterize the dipole transition matrix 4. J. A. R. Samson and J. L. Gardner, Phys. Rev. Lett.

elements and their phase shift differences individually. 22, 1327 (1983)

For the 5p-autoionization range of xenon there are three 5. Ch. Heckenkamp, Ph. D. thesis unpl., Berlin 1984

open continuum channels according to

Xe5p6SO) 
+ h Xe+Sp5(P 3 2 ) e(d 2  3/2 "1/2

7 -
which are described by the three dipole transition matrix

elements Di, D2, D3 and their relative phases, respective- D I

ly. Combination of the 5 dynamical parameters A, c, C, the+

photoionization cross section Q3 and the asymmetry para-

meter 84 as reported in Ref. 1 make the complete deter- 3

2mination of D ' D 2 , D3 and their relative phases possi- 2

ble

~0
Fig. 1 shows the results for the three matrix ele-3

ments D,, D2 and D33 corresponding to the d5 /2, d312  D2. + 2

and es1/2 channel, respectively, as well as the relative 0I

phases in units of V (the coulomb phases, which are ana- 0_ __ '__ __

lytically known, are eliminated).
D3

D1 mainly fullows the energy dependence of the pho- 
20 :

toionization cross section (because D 2 is much stronger I

than D or D 2 showing the pronounced d-resonance struc- 0
2 3

ture of the autoionization. The enhancement of the d-ma- .1 4 *

trix element D2 at about 98.5 nm corresponding to the -2

here not completely resolved narrow s-autoionization re- .3

sonance seen in the cross section and in 0 3 indicates the -

importance of interchannel interactions in the autoioni-

zation region of xenon. This is also demonstrated by the *

behaviour of the d-s-phase shift difference r" (ul- 3 ) 1 _3

which is close to -ff at the cross section minimum, where-

as the phase shifts of both d-channels nU, and rn' 2 are 0 4
-* identical within the experimental uncertainties except

where D, rises at 99.8 and 96. 8 nm. This indicates I I

that the spin-orbit interaction influences the ampli- *0 99 g 97 96
AVELENTH4 I . I

tudes more than the phases in the autoionization range.

References Fig. 1: "Experimental" dipole transition matrix elements

1. Ch. Heckenkamp, F. SchAfers, G. Sch6nhense and D1, D2, D3 and their relative phases in units of iT in the

U. Heinzmann, book of abstracts 14. ICPEAC 1985 5p-autoionization range of xenon.
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-, THE PHOTOELECTRON SPIN-POLARIZATION PARAMETERS IN THE

5p-AUTOIONIZATION RANGE OF XENON

S+Ch. Heckenkamp, F. Schdfers, G. Sch6nhense and U. Heinzmann

Fritz-Haber-Institut der MPG, D-1000 Berlin 33, West Germany
FakultAt ffr Physik jer UniversitAt Bielefeld, D-4800 Bielefeld 1, West Germany

BESSY, D-1000 Berlin 33, West Germany

trons from free Xenon atoms have been measured in the 200
wavelength range from 96 nm to 100 rn in an angle-resol-

ving experiment using circularly polarized synchrotron 100 \

radiation emitted out of plane by the storage ring 
BESSY.

The experimental arrangement basically consists of an 0

especially designed rotatable electron spectrometer and 2
high energy Mott-detector and allows the measurement f

of the photoelectron spin-polarization components A(e)

parallel to the photon momentum and Pj(9) perpendicular 0-Y040 r.
to the reaction plane. Knowledge of these two components:'.I-
for several emission angles e allows the determination 0 O T
of the three parameters

1 
A, i and . The measurements

have been performed in the 5p-autoionization range be- -1

tween the 2P3/2- and 2P /2-thresholds of Xenon with a

radiation bandwidth of AX = 0.25 nm. Fig. I shows data 0.5

for the total photoionization cross section Q2 and the C{

asymmetry parameter B together with the values of the 0'

spin-parameters measured. Earlier results for the spin-

parameter (dotted curve), employing a completely dif- -
ferent method, which yields the spin-polarization of the . ,

angle-integrated photoelectron flux, are also given and 1.0

show good agreement with the present data. For comparison, A

the results of an RRPA-calculation
5 

and a semiempirical 0.5 i

MQDT-calculation 
6
, convoluted with the experimental band-

width, are shown as full and dashed curves, respectively. 0

The wavelength-dependences of the spin-parameters mea-

sured are in reasonable agreement with both theories. -0.5

0.5

References

1 1. Ch. Heckenkamp, F. SchAfers, G. SchOnhense and 0 --------

U. Heinzmann, Phys. Rev. Lett. 52, 421 (1984)

2. R. E. Huffmann, Y. Tanaka and J. C. Larrabee, J. Chem. -0.5
Phys. 39, 902 (1963) 100 99 98 97 96

3. J. A. R. Samson and J. L. Gardner, Phys. Rev. Lett. 31, WAVELENGTH (m)
1327 (1973)

, 4. U. Heinzmann, F. SchAfers, K. Thimm, A. Wolcke and

J . KeBler, J. Phys. B 12, L679 (1979) and U. Heinzmann, Fig. 1: Photoionization cross section Q ,asymmetry pa-
3

J. Phys. B 13, 4353 (1980) rameter B and spin-polarization parameters in the auto-

[III 5. W. R. Johnson, K. T. Cheng, K. N. Huang and ionization range of Xenon. Theoretical values for x, A
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ENERGY DEPENDENCE OF THE SPIN-POLARIZATION PARAMETERS FOR Hg 5d PHOTOONIZATION

WITH CIRCULARLY POLARIZED LIGHT

+
F. Schafers , Ch. Heckenkamp, G. Schonhense and U. Heinzmann

Fritz-Haber-Institut der MPG, D-1(00 Berlin 33, W. Germany

Fakultdt fOl Physik der Universitat Bielefeld, D-4800 Bielefeld

BESSY, D-1000 Berlin 33, West Germany

Circularly polarized VUV-radiation from the storage 0.6

ring BESSY was used to measure all three spin-polarization A(em) 
2
Ds/z20 V2 H9

5d
1

0.4 .
parameters of photoelectrons from .the Hg 5d-shell in the r j.52

02 *.RRPAphoton energy range from threshold to 32 eV. The spin-po- R
I

larization vector can be characterized by the three dyna- 0 i

mical parameters A, t and which are functions of the -02

photon energy. Up to now only data of the spin-polariza- i ..........

tion of the total photoelectron flux, where the fine struc- i 2
-0.6 .

ture was not resolved, and of the polarization component 15 20 25 30 35

perpendicular to the reaction plane PL, described by the hv (eV)

parameter , existed. The new measurements were stimu- Fig. 2: Energy dependence of the spin-parameter A

- lated by a recent experimental analysis of the 5d-photo- solid lines: ref. 4, dashed line: ref. 5,6

ionization process in the approximate LS-coupling scheme

As an example the energy dependence of the parame-

* The experimental arrangement
3 

is shown in Fig. 1. ter A(=A(e ) is shown in Fig. 2 for both final ionic
2 m 2D(2

The circularly polarized light from the storage ring, dis- states D (closed circles) and 5(/pen circles)

persed by the 6.5 m NIM, crosses the Hg-atomic beam in a The ionization thresholds are represented by the vertical
~ 4 4

region free of electric and magnetic fields. The photo- dashed lines. The RRPA-calculation (solid curves) which

electrons emerging under the angle e are energy-analyzed includes correlations between 5d and 6s (8 channels) and

by a rotatable analyzer system, that keeps the outqoing uses experimental thresholds is in reasonable agreement

photoelectron beam fixed in space independent of the with experiment. The RPAE-curve (dashed) was calculated
5,6

,.* emission angle chosen. After acceleration to 120 keV the from non-relativistic matrix elements and phase shifts

transverse polarization components A(e) parallel to the This curve is shifted by 2.6 eV to fit the experimental

photon momentum and PL (O), from which the three parame- threshold.

" . ters A, ci and can be evaluated, are analyzed simultane-

ously in a Mott detector. An evaluation of transition matrix elements and

MOTT their corresponding phase shifts in the exact jj-coupling

DETECTO1R_ -scheme (6 continuum channels) on the basis of the experi-

/,'Z mental results in combination with cross section data
7
,
8

Ais in progress.
ACCELERATOR
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PHOTOELECTRON SPIN-POLARIZATION IN THE COOPER MINIMUM OF Hg6s

F. Schhfers
+
, Ch. Heckenkamp and U. Heinzmann

5 Fritz-Haber-Institut der MPG, D-1000 Berlin 33, W. Germany
Fakult&t fOr Physi der Universit~t Bielefeld, D-4800 Bielefeld

BESSY, D-1000 Berlin 33

L

4 " V Since Fano's prediction of the spin-polarization of

photoelectrons ejected from alkali atoms near the mini- T TDAr
mum of the cross section , experimental and theoretical ( -

effort has been spent to the phenomenon of Cooper minima 05- I
2 I 0

of spin-orbit interaction in the continuous spectral range 0I RRPA

can be studied here. In theoretical calculations the po-

' sition of the cross section minimum, the shape of the 4 H 2

angular distribution and the behaviour of the spin-po-

larization parameters react very sensitive upon the cor- Q2 . "

relations included. Recently, the Relativistic Time De-
20

pendent Local Density Approximation (RTDLDA) was able to 0
reproduce the experimental data of the 8-parameter, de- -Q2 L
scribing the differential photoionization cross section, 0 20 30
of Xe and Kr outer s-subshells

3
'
4

. The rare gases are, PHOTON ENERGY (eV)
however, not accessible for spin-polarization measure-

ments at present due to the low cross section of 0.1 Mb Fig. 1: Upper part: photoionization cross section QY, ex-
5 8and the high photon energies needed. perimental points
5
, full and dashed curve: RRPA

8
, dot-

dashed: RTDLDA
10

, dotted: Tamm-Dankoff 
9 .

For ionization of the 6s-shell of mercury, however, lower part: spin parameter , full circles 
7
, open circles

the situation is different. Experiments indicate a Cooper this work, curves as above

minimum at about 20 eV photon energy with a cross section ,5
of 0.4 Mb 

5
. At three intense rare gas resonance lines References

values of the 8-parameter and the spin-polarization com- 1. U. Fano, Phys. Rev. A 8, 131 (1969) and 184, 250 (1969)

ponent P, perpendicular to the reaction plane, described 2. F. A. Parpia, W. R. Johnson, V. Radojevi6, Phys. Rev.

by the parameter &, have been reported
6
'
7
. A 29, 3173 (1984)

3. A. Fahlmann, T. A. Carlson, M. 0. Krause, Phys. Rev. .1

The high flux of circularly polarized VUV-radiation Lett. 50, 1114 (1983)

emitted out of plane by the storage ring BESSY made angle- 4. H. Derenbach, V. Schmidt, J. Phys. B 16, L337 (1983)

and spin-resolved measurements
8 

in this region possible 5. S. P. Shannon, K. Codling, J. Phys. B 11, 1193 (1978)

at stored beam currents of about 500 mA. 6. A. Niehaus, M. W. Ruf, Z. Phys. 252, 84 (1972)

7. G. Sch6nhense, U. Heinzmann, J. Kessler,

Fig. I shows first results of the new measurements N. A. Cherepkov, Phys. Rev. Lett. 48, 603 (1982)

together with the earlier data
7 
and with the cross sec- 8. Ch. Heckenkamp, F. Schafers, G. Sch6nhense,

tion 
5
. In contrast to the experimental data the RRPA

9 
and U. Heinzmann, Phys. Rev. Lett. 52, 421 (1984)

Sthe RTDLDA
O 

calculations yield a minimum below the 2 - 9. W. R. Johnson, V. Radojevit, P. Deshmukh, K. T. Cheng,

threshold (vertical dashed line) whereas a Tamm-Dankoff- Phys. Rev. A 25, 337 (1982)

calculation gives a Cooperminimum above the threshold 10. F. A. Parpia, W. R. Johnson J. Phys. B 16, L375

* O close to the experimental data. The new data of the F- (1983)

parameter seem to indicate a maximum close to the thres-
hold at 17 - 18 eV photon energy which is expected to

correlate with the cross section minimum. Measurements

below the 2D -thrhld where the cross section is

perturbed by autoionization processes are in progress

S and should lead to a further clarification of this point.

44 %. I .
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PHOTOIONIZATION OF ATOMIC AND MOLECULAR CHLORINE

J.A.R. Samson, Y. Shafer, and G.C. Angel

Behlen Laboratory of Physics, University of Nebraska, Lincoln, NE. 68588

The relative photoionization cross sections of so

atomic and molecular chlorine have been measured by use -.

of a mass spectrometer over the spectral range from 160

to 750 A. The atomic chlorine was produced in a micro- V40

wave discharge by the dissociation of Ct2. Approxi- . .

mately 20% dissociation was produced. 3t30
SThe absolute total absorption cross sections and V

ionization efficiencies of Cz2 were measured at selected
wavelengths by use of a double ionization chamber. 1)20

Thus, the relative ionization cross sections were placed

on an absolute basis.

In Fig. 1 we have normalized the relative cross 1

sections of atomic chlorine to the theoretical results

of Shahabi and Starace 2 , Fielder and Armstrong 3 , and 0 - 0-

* Brown et.al. 4. Because most of the calculated data 800 700 600 500 400 300 200

tend to agree at higher photon energies, the region of WAVELENGTH

.4', normalization was taken around 350 A. Good agreement FIGURE 1. Photoionization cross sections of Ci.

is obtained for wavelengths below 500 A. However, normalized at 350 A. Present experimental data (o):

above 500 A deviations of up to a factor of two occur. Theoretical data, ref. 2 (- ), ref. 3 (
ref. 4 C---).

Presumably, this implies that important correlation

effects have been omitted near the threshold. In Fig. 50

2 we have normalized our results to the data of

Cherepkov5 and also show the calculations of Combet- Present Exp. Data

Farnoux6 . The overall agreement with Cherepkov's RPA
calculation is very good except at their shortest 0.

wavelength. U 30 hrek30, Cherepkov

Acknowledgement o .cc Comet-Farnoux
This material is based upon work supported by the

National Science Foundation under Grant No. PHY-8214172.
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MEASUREMENT OF THE 5d PHOTOIONIZATION CROSS SECTION IN LASER EXCITED
BARIUM ATOMS BETWEEN 15 eV AND 150 eV PHOTON ENERGY

. J.M. Bizau, D. Cubaynes, P. G~rard, F. Wuilleumier

Ft. 0 Laboratoire de Spectroscopie Atomique et Ionique and LURE, B.350,

91 405-Orsay, France

J.C. Keller, J.L. LeGou~t, J.L. Picqu6

Laboratoire Aim6 Cotton, B.505, 91
4
05-Orsay, France

B. Carri

Service de Physique des Atomes et des Surfaces, Saclay, 91191-Gif-sur-Yvette

D. Ederer

National Bureau of Standards, Washington, D.C. 20234, USA

G. Wendin

Chalmers Institute, S. 402-20, Gbteborg, Sweden.

Combining the use of laser and synchrotron radia- our experimental conditions, in the 6s5d 
1
,
3
D states. The

tions, we had demonstrated the feasibility of photoioni- photoelectrons from the 5p and 5d subshells were simulta-

zation experiments in excited atoms. Later on, we measu- neously recorded at each photon energy. The relative va-

red oscillator strengths for the excitation of a core e- riation of the 5d cross section was obtained from the in-

lectron in atoms prepared in specific excited states.
2  

tegrated area under the 5d photoline. The absolute scale

Here, we present the first experimental determination, was established by normalization to the theoretical 5p

over a broad photon energy range, of a photoionization cross section also calculated in this work.

* cross section for an atom in an excited state, specifical- The results are presented in Fig.l. The theoretical

ly the 5d-cross section in laser excited barium atoms. We results reproduce well the general behavior of the cross

have also calculated the variation of this cross section in section. However, if a simple HS calculation is able to

the LDRPA approximation. describe the experimental variation at low energy, the

In our experiment, laser and synchrotron radiations resonant enhancement of the 5d cross section observed at

irradiate an effusive beam of Ba atoms in the source vo- the opening of the 4d ionization channels can be reprodu-

lume of a cylindrical mirror analyzer used to study the ced theoretically only by taking into account inter-shell

energy distribution of the ejected photoelectrons.
4 

The correlations.

synchrotron radiation of the ACO storage ring is monochro- I.J.M. Bjzau, F. Wuilleumier, P. Dhez, D. Ederer, J.L.

matized by a toroidal grating monochromator which is con- LeGou t and P. Koch, "Laser Techniques for Extreme Ul-

tinuously tunable between 15 eV and 150 eV. The cw ring traviolet Spectroscopy", AlP Proc.Ser.n90, New York,
dye laser is locked and stabilized to the 6s I P 2. F. Wuilleumier, "Laser Techniques in the Extreme Ultra-

resonance of Ba at 5535 A. However, as already mentionned, violet", AlP Proc. Ser. n*119, New York, 1984, p.
2 2 0

all photoelectron spectra taken in the continuum as well and J.M. Bizau et al., to be published.

as in the region of resonant excitation below the 5p i 3. C. Theodosiou, pricate comunication.

2 4. J.M. Bizau, P. Ggrard, F. Wuilleumier and G. Wendin,nization threshold, reveal that the excited atoms are, in PhJ.. Rev. L. 53, 28 (l984).1 40Phys. Rev. Lett. 53, 2083 (1984).

W Mb 1 b
a5 2.3 Mb5

3B Id

-- s IHYO (.fGYlvi P*401'OW |wi:. I.Vl

P as 254 . 5 u u s u

Fig.l- Variation of the 5d cross section from 10 to 40 eV. Fig.l- (continued). Variation of the 5d cross section

Theory is from this work (-) and from Ref.3 (-- ) above 40 eV photon energy. The 4d thresholds in the ex-
cited atom are around 96 and 98 eV.
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EXPERIMENTAL AND THEORETICAL DETERMINATIONS OF OSCILLATOR STRENGTHS
FOR PHOTOEXCITATION OF A CORE ELECTRON IN ATOMIC LITHIUM

P. C.rard, D. Cubaynes, J.M. Bizau and F. Wuilleumier

Laboratoire de Spectroscopie Atomique et lonique and LURE, B.350, 91405-Orsay,France

C.J. Zeippen

Observatoire de Paris, Section d'Astrophysique, 92190-Meudon.

In the work presented here, we have ased the techni- at the resonance is directly proportional to the oscilla-

que of photoelectron spectrometry to study, between 50 eV tor strength of the excitation transition. I The relative
and 150 eV, the photoelectrons ejected by a monochromatic values were put on an absolute scale by comparing the re-

photon beam from the 2s and Is subshells of atomic Li. sonant 2s and the non-resonant Is photolines, using the

In this photon energy range, the 2s photoionization cross total photoabsorption cross section previously measured.

section is very weak, but in the resonance region below Table I presents our results. The RPAE calculations4

the Is2s 3S ionization threshold, between 58 and 65 eV. are in good agreement with the experimental data but for

In this energy region, we observed a huge enhancement of the two first resonances. On the other hand, the values

the 2s photoelectron line (Is I final state of Li
+
) due calculated by Chung, using a saddle-point technique, we-

to the decay of the ls2snp 2P autoionizing states formed re in better overall agreement with the experiment. In

by photoexcitation. We have measured the oscillator stre- view of this difference for the first transitions, we att-
2 2 2

ngths of these Is 2s S -) Is2snp P transitions. We have empted a series of new calculations using two different

performed a new calculation of these oscillator strengths programs, in order to provide a further check of the in-

to study the extreme sensitivity of this parameter to the fluence of electron correlations. We employed the code

treatment of electron correlations for the first resonances. SUPERSTRUCTURE and the HF code CIV3. We included 3s, 3p
2

In this experiment, we used our previously described and -d pseudo-orbitals and we tested various optimization

apparatus at the ACO synchrotron radiation facility, to procedures. Our final f-values are included in Table I,

measure, with a cylindrical mirror analyzer, the electrons from both length and velocity calculations. Our results

emitted at the magic an,:le .f 54'44
' 
in the interaction are very close to the experimental data. The ad.:quacy of

of a monochromatic photon beam with a beam of Li vapor. our theoretical approach is also confirmed by the good

Fig.l shows the excitation function of the 2s-photo- agreement between the theoretical and experimental values

electron line, i.e. the integrated area under this line, of the transition energies.

2 2
when the photon energy is varied across the Is 2s S -

l% Is(2s2p IP)2P resonance, around 60.40 eV. Outside of the

resonance, the 2s signal is negligible in comparison with Transition Exp Theory

( 15%) RPAE CHUNG This work
the resonant intensity. This means that the direct photo-

" ionization process is very weak, leaving no possibility I&2s S

W " for interference effects to occur. Thus,in assuming that ls(
2
s
2
p 

3
P) 2p 0.24 0.280 0.260 L

0.342 0.235 V
the radiative decay of the excited states is negligible 2 0.342 0.235 V

for this low-Z element, in comparison w;th the autoioni- 0.005 L

* zation rate, the intensiy of the 
2
s photoelectron peak (12 3 2

IssS)3p P 0.053 0.0562 0.0466Li '[w'L ! (Is2s 3Sp 2p
Li p 2 0.019 0.0182 0.0170

3 2
300 (ls2s S)Sp P 0.008 0.0079

250-
Table I.- Experimental and theoretical f-values.

,-... IZ:200-
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150', - 0.2 *V. P. Gerard, Thesis, Univ.Orsay, 1984.

1 l00 2 8izou, P rard, F illeumier, endi~Phys. Rev. Lett. 53, 2083(1984).

.,-50 3. C. Mehlman, J. Cooper and E. Saloman, Phys. Rev. A25,

S-2113 (1982).

59.75 80.0 60.25 60.5 60.75 4. M.Ya. Amusia, N.A. Cherepkov, D. Zivanovic and V. Ra-

PHOTON ENERGY in eV dojevic, Phys. Rev. A13, 1466 (1976).

Fig.1- Excitation function of the 2s photoelectron line. 5. K.T. Chung, Phys. Rev. A23, 2957 (1981).
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3p PHOTOIONISATION IN ATOMIC MANGANESE*

R. Malutzki and V. Schmidt

Fakultat fUr Physik, Universit t Freiburg, Hermann-Herder-Str. 3, 7800 Freiburg, FRG

According to Amusia et al. the manganese (Mn) atom 1000 $ - 3d
can be described conveniently in the spin-polarised CK
orbital approximation i.e. 3p+ and 3p4 ionisation can be 60.4eV
distinguished: The ejection of a 3pt electron produces a

P that of a 3p+ electron a 7P final ionic state both M

with different energy. The investigation of the angular (n 500" --
distribution of 3p+-photoelectrons has been described - 500

elsewhere (Malutzki et al. 2 ). Qualitative agreement with Z .-

theoretical predictions of Amusia et al.3 has been D

achieved. However in this investigation no hint for the 0

existence of the 5P final ionic state could be found.

With improved experimental conditions partly at the 0 , V -

expense of reduced angular range of the electron analyser 1000 94.5eV CK 3p 7P
we searched again for the 3pt-photoprocess. This time

Lnwith success. Figure 1 gives one example at 94.5 eV -

photon energy (lower part). For comparison, the upper +r 4 4

part of this figure shows an electron spectrum at 60.4

eV photon energy. The interesting region of kinetic i- 0"'
energies is at around 30 eV because here the electrons Z 3p S.
from the radiationless decay of the 3p hole are expected: D--S

0 C
Coster-Kronig (CK) decay from 3p±-ionisation, super

Coster-Kronig (sCK) decay from 3pt-ionisation. In the

- spectrum at lower photon energy the satellite lines 0

(marked by arrows, see also Ref. 4-6) from 3d-ionisation 0 10 20 30 40 50

are just in this energy region. However, at higher photon E kin/eV
7energy they move away. Instead, the 3p P photoline with Figure I Electron spectra of atomic manqanese.

a satellite (S), its subsequent CK decay as well as the

3p 5P photoline with its subsequent sCK decay can be

seen clearly.

A first analysis of our spectra gives the following References ".,

results. i) the binding energies are Eb = 57.4 eV for the 1. M.Ya. Amusia, V.K. Ivanov and L.V. Cherhysheva,7  h J.Phys. B 14, L19 (1981)
3p 7P photoline, Eb = 60.5 eV for the satellite S and 2. .PhyR. Malutzk-i M.S. Banna, W. Braun and V. Schmidt,

* Eb = 75.0 eV for the 3p 5P photoline. ii) Our energy J.Phys. B 18 (1985)
7 5 3. M.Ya. Amusia, V.K. Dolmatov and V.K. Ivanov,

separation between the P and P photolines agrees with ys. B 16, L753 (1983)
that found in solid Mn7 . iii) Our CK and sCK transitions 4. P.H. Kobrin, U. Becker, C.M. Truesdale, D.W. Lindle,

H.G. Kerkhoff and D.A. Shirley, J.Electr.Sp. 34,give direct confirmation to the assignment of structures 129 (1984) -.
in the electron spectrum of Mn following electron impact8 . 5. M.O. Krause, T.A. Carlson and A. Fahlman, Phys.Rev.
iv) Because of the large level width there is a large 6. 30, 1316 (1984)
is 6. E. Schmidt, H. Schroder, B. Sonntag, H. Voss and
energy shift due to post-collision interaction for photon H.E. Wetzel, J.Phys. B 18, 79 (1985)

.v) Because of the large S.P. Kowalczyk, L. Ley,T.R. McFeely and D.A. Shirley,
e Phys.Rev. B 11, 1721 (1975)

natural line width the 3p 5P photoline appears in the 8. E. Schmidt, H. Schroder, B. Sonntag, M. Voss and

spectrum only as a small structure; however, at 80 eV H.E. Wetzel, J.Phys. B 17 (1984) 707
photon energy the partial cross sections for ejection of

* a 3p+ or a 3p+ electron are nearly equal. More quantitat- +Work supported by the Bundesminister fur Forschung und

ive data will be given at the conference. Technologie.
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THRESHOLD PHOTOIONIZATION OF Kr 3d SUBSHELL*

P.A. Heimann, D.W. Lindle, T.A. Ferrett, M.N. Piancastelli, and D.A. Shirley

Materials and Molecular Research Division, Lawrence Berkeley Laboratory

Department of Chemistry, University of California, Berkeley, California 94720 USA

A threshold electron analyzer has been individual np resonances decrease with n less

constructed for experiments at the Stanford slowly in Fig. 1 than in the electron energy loss

Synchrotron Radiation Laboratory (SSRL). This spectrum of King et al. This qualitative trend

time-of-flight analyzer has extraction, shows the increasing importance of shake-off in the

acceleration, and drift regions giving a total decay of states with a more loosely bound

flight distance of 21.5 cm. It is calculated that electron. The 3d threshold peaks are distorted by

all electrons with kinetic energies between 0 and post-collisional interaction (PCI). A sharp rise

0.03 eV are collected, irrespective of their occurs at about 0.17 eV above the threshold. After

initial ejection angle. Figure I shows a scan the maximum the intensity decreases gradually with

across the Kr 3d(312,5/2)-np discrete resonances electrons still observed at 1.4 eV above the

and 3d thresholds taken with this analyzer. The threshold. The measured line shapes agree with the

electron signal, 7 counts/s on the first resonance, predictions of Neihaus.
2

has been corrected for the variation in the light

intensity. *This work was performed under Contract No.

In Fig. 1, the prominent appearance of the DE-ACO3-76SFO0098 at the Stanford Synchrotron

below-threshold resonances shows the relative Radiation Laboratory. Both this research and SSRL

strength of the decay pathway to doubly ionized are supported by the Office of Basic Energy

Kr
2+ 

final states. The intensities of the Sciences of the U.S. Department of Energy.

Threshold Electrons

IG.C. King, M. Tronc, F.H. Read, I

and R.C. Bradford, J. Phys. B 10, 1.0 3d 5  3d3  K r
2479 (1977). . . 2
S
2
A. Neihaus, J. Phys. B 10, 1845

(1977). 0.8- II%

Figure 1. The threshold spectrum

of atomic krypton in the region of ..- J

the 3d edges. The peaks observed 0.6
at the below-threshold resonances 014-- "
result from their decay through Q.) I.

shake-off: I. 3d 1 5 2)5p

sh 1' 0.4-
(.08 eV

1 
natural linewidth), II. "

unresolved 3d- " 20 )5p,
3d-l(

2 
D )6p, 111.

3d ( D5/2)7p. The 3d peaks 0.2 "* ,

are seen to be broadened and * '' ' *. *

shifted to higher photon energies.

.0%

90 92 94 96 98

Photon Energy (eV)

0%• . . . . . .. . . . . . .. . . . . . . . . .". . . . -. '-. . . -, *.,-. .. -. v . .. .,v .-- .-. --. . . .,. .-
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Si 2p AND 2s RESONANT EXCITATION AND PHOTOIONIZATION IN SiF 4*

T.A. Ferrett, M.N. Piancastelli, D.W. Lindle, P.A. Heimann, and D.A. Shirley

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
e

Department of Chemistry, University of California, Berkeley, California 94720 USA

The discrete and continuum resonant structures and t2 shape-resonant intensity appears only in

in the vicinity of the Si 2p and 2s edges in SiF 4  the Si p channel. Finally, the 2s excitationthe the 2pv1Can.cinlyteitexiato

were studied with time-of-flight photoelectron at 160 eV decays primarily into Si 2p satellite

spectroscopy and synchrotron radiation in the range channels.

of 100-170 eV. Below the Si 2p threshold, the Si

2p discrete excitations to molecular and Rydberg *This work was performed under Contract No.

orbitals show differing decay characteristics. On DE-ACO3-76SFO0098 at the Stanford Synchrotron

the resonances, the partial cross sections and Radiation Laboratory. Both this research and SSRL

asymmetry parameters were measured for the outer- are supported by the Office of Basic Energy

and inner-valence states, and for the resonantly Sciences of the U.S. Department of Energy.

enhanced satellites. Above the Si 2p edge, the e

" .
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EVIDENCE FOR SHAPE RESONANCE DEPENDENT SATELLITE BEHAVIOR IN ATOMIC BARIUM

U. Becker, R. H61zel, H. G. Kerkhoff, B. Langer, D. Szostak und R. Wehlitz

Institut fOr Strahlungs- und Kernphysik, Technische Universitat Berlin,
NHardenbergstrasse 36, D-1000 Berlin 12 (Fed. Rep. of Germany)

Atomic Barium is intermediate between the rare correlation satellites. The sum of the satellites has a

gase structure of Xenon with its virtual hydrogenic fraction of about 40 % on the total 4d-intensity

4f orbital and the rare earth elements where this showing the strength of configuration interaction in Ba

orbital is highly contracted. This outstanding position

of Ba in the periodic table has made this element a 60 "

show case for phenomena related to the collapse of Ba
atomic orbitals. In transition elements such as Ba absorpuon 4dfu.mt,,' ' ;-40 lff., ,luo" 4d
centrifugal and coulombic forces are in a delicate Faiutin *0d

balance, so that the nature of the contracting orbital 5-p

can depend strongly on environmental conditions such as 20 ,

% the valence configuration for example. The strong effect

of these environmental conditions on the 4d-photo- - i

absorption of atomic Ba has been shown in the absorp- 80 100 120 140

tion spectra along the Ba isonuclear sequence1 and Photon energy (eV)
theoretically explained by shape resonances in the

effective potential for f-electrons2 . Similar effects Fig. 2 Partial cross sections of atomic Ba in the range

concerning valence changes could most easily be studied of the giant resonance

by the resonance behavior of the 4d-satellite lines. Fig. 2 shows the partial cross sections of the 4d-,

Atomic Ba shows strong configuration interaction 4dsat - and 5p-lines in comparison with the total 4d-

in the initial and final ionic states 3 , making it a intensity, the absorption cross section4 and a HF-

good candidate to look for pronounced satellites in the calculation5. This figure shows that main and satellite

4d-photoelectron spectrum. These electron correlation lines have completely different behavior in the reso-

satellites :orrespond to different ground state confi- nance region. Whereas the 4d main line reaches its

gurations and should be enhanced by the shape resonance maximum below 110 eV, the satellites reach their maxi-

in a different way as the 4d-main line. In order to mum above 120 eV. The 6s-5d-mixing responsible for the

study this effect, photoelectron spectra of atomic Ba satellite structure results in less attraction of the

were taken in the range of the 4d - 4,f centrifugal effective nuclear charge by admixture of electrons with

barrier shape resonance between 100 and 140 eV. The 5d-character. Therefore the effect of the inner well

experiment has been performed at HASYLAB with a time of potential may be less pronounced on the satellites than

flight-photoelectron spectrometer and a resistively on the 4d-main lines associated with a shift of the

heated atomic beam oven. Fig. I shows the higher broader maximum to higher energies. This shape resonan-

binding energy part of the photoelectron spectrum at ce dependent behavior of electron correlation satel-

130 eV with the 4d-main lines and their electron lites has been demonstrated for the first time for Ba,

but is expected to take place for satellite lines in
i- i ,the vicinity of shape resonances in general.

Barium 4d-satellitestructure""' " ... i '=. I. "'"? "":"?Reference

.~ .~,..,,,..1. T.B.Lucatorto, T.J.Mcllrath, J.Sugar and
S.M.Younger, Phys.Rev.Lett.47 1124 (1981)

~ V .K 12. K.T.Chelg and W.R.Johnson, Phys.Rev.A28 2820 (1983)
.- . ~ 3. W.Mehlhorn, B.Breuckmann and D.Hausamann, Physica" "" '"'-' " :' Scripta 16, 177 (*,77)

0.0- 4. R.Rabe, K.Radler and H.W.Wolff, VUV Radiation

Physics, ed. by E.E.Koch et al. (Vieweg-Pergamon,
.' . 100 105

Binding energy (eV) Braunschwelg, 1974), p.2477
5. H.P.Kelly, S.L.Carter and B.E.Norum, Phys.Rev.A25

Fig. I 4d-photoelectron spectrum of Ba at hv = 130 eV 2052 (1982)

S%
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RESONANCE AND THRESHOLD EFFECTS ON THE NEON 2p-SATELLITES

U. Becker, R. H6lzel, H. G. Kerkhoff, B. Langer, D. Szostak und R. Wehlitz

Institut fur Strahlungs- und Kernphysik, Technische Universitat Berlin,
Hardenbergstrasse 36, D-1000 Berlin 12 (Fed. Rep. of Germany)

The photoelectron spectrum of the valence sub- several Ne 2p-satellites especially for the so called

shells of atomic Ne is one of the systems best under- "conjugate shake up" satellites besides the already

stood in photoionization besides He. The 2s and 2p known importance of the mechanism a) and b).

photoelectron main lines are accompanied by satellite

lines leaving the ion in an excited state: 010

* Ne(1s 2s22p6) + hv - e- + Ne+(lS22s22p4nl). I

The threshold of each satellite channel is the ioniza- ('D)3s(2D) (3P)3s( 2P)
tion limit of a double excitation Rydberg-series. This

double excitation nature persists beyond threshold and 0.05

determines the character and behavior of the corres-
ponding satellites. There are basically three mechanism

responsible for the existence and production of photo-

electron satellite lines: 0.0

a) Rearrangement effects described by shake theory
1  0 2 4 6 0 2 4 6

b) Configuration interaction (CI) in the initial (ISCI) Kinetic energy (eV)
and final ionic states (FISCI) described by electron

correlations and spin flip processes
2

c) Interchannel coupling including bound and continuum Fig. I Threshold behavior of the conjugate shake

states resulting in intensity sharing and resonance satellites of the Ne 2p-subshell
enhancement3 . The effect of interchannel coupling is exhibited

It is generally believed that rearrangement in the close to threshold behaviour of the correspon-

effects and configuration interaction both play an ding satellites by pronounced resonance enhancement due

important role on the satellite production, but there to strong coupling with the double excited Rydberg-

is only little evidence for the third mechanism - states of the neighboring satellite channels. Fig. la)

interchannel coupling -. The satellite intensity above shows the intensity of the (ID)3s( 2D)-satellite between

the sudden limit is not very sensitive to the under- 0 and 7 eV kinetic energy. Fig. Ib) shows the

lying production mechanism, because each mechanism threshold behavior of a satellite which was missing up

contributes constant intensity over a wide spectral to now in the Ne valence satellite spectrum although it

range. In contrast to this insensitivity above the corresponds to the strongest double excitation Rydberg-

sudden limit concerning the satellite nature, there is series of the 2p-shell. This satellite (3p)3s(2p) has

striking contrary behaviour of each mechanism in the been detected for the first time and shown to be pro-

adiabatic regime close to threshold 4 . The different duced on resonances only. This shows the relevance of

satellites are characterized with decreasing kinetic interchannel coupling to the satellite structure of a

energy by simple system such as atomic Ne besides rearrangement

a) decreasing intensity for shake up processes, and configuration interaction effects.

b) constant intensity for configuration interaction and

c) by increasing intensity or/and resonance enhancement Acknowledgements

for interchannel coupling. This work was performed at HASYLAB and supported by the
• A study of the close to threshold behaviour of the BMFT and in part by the DFG.

7. Ne 2p-satellltes was performed at the Hamburger References

Synchrotron Strahlungslabor HASYLAB with a time of 1. T.D.Thomas, Phys.Rev.Lett.52 417 (1984)

flight (TOF)-photoelectron spectrometer in order to 2. R.L.Martin and O.A.Shirley, Phys.Rev.A13 1475 (1975)
. clear up the relative importance of the different 3. L.Ungier and T.D.Thomas, Phys.Rev.Lett.53 435 (1984)

Interaction mechanism for the satellite production. For 4. P.A.Heimann, C.M.Truesdale, H.G.Kerkhoff,

proven to be the dominant production mechanism for U.Becker and D.A.Shirley, Phys.Rev. A (1985)
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SINGLE AND DOUBLE PIHOTOIONIZATION OF ALKALINE-EARTH ATOMS

Y.Itikawa, T.Hayaishi, Y.Itoh, T.Koizumi, J.Murakami, T.Nagata, T.Sasaki, Y.Sato, H.Shibata, B.Sonntag,
J.B.West, A.Yagishita and M.Yoshino

Photon Factory, National Laboratory for High Energy Physics, Ohomachi, Ibaraki 305, Japan*

Double photoionization of alkaline-earth atoms is Poon enewq (ev
35 34 33 32 31 30

of considerable interest in the study of electron correla- I I I, II I I I I I I I I

tion effects. Excitation of electrons in the inner-valence 03s" 1F 02

shell (3p for Ca and 4p for Sr) results in a rich struc- 5 (Ib(3F FO) P 3P4

ture in the photoahsorption spectrum. 12 Ihe resulting f1 ii -P 3eMI
excited atom ends up in various ionic stages through auto- 2 III III
ionization. We have measured the relative yields of o0

singly and doubly charged ions of Ca and Sr as a function 3 -

of photon energy with a resolution up to 0.15 nm. o0-

The study was carried out using monochromatized

synchrotron radiation as the light source, a TOF mass 02

spectrometer as the detector and a differentially pumped

effusive beam as the target. The light from the Photon at ea 3 n 40 4 42

Factory storage ring (2.5 GeV) was dispersed by a 1 m

Seya-Namioka monochromator. The ion yields were measured
++

for the wavelengths 35-42 nm for Ca and 40-55 nm for Sr. Fig. 3 shows the yield of Sr . The situation is

* Fig. 1 shows the result for Ca.
3 

This can be well expected to be similar to the case of Ca. There is,

compared with the photoabsorption spectrum. Most of however, a few differences. For instance, Sr
+ 

cannot

the peaks are identified to the excitations 3p - nd,nf be produced through the two-step autoionization process

in Ca. The ratio of the double to single ion yields is at 49.2 nm, because Sr
+ 
has no autoionizing states

plotted in Fig. 2. This is essentially the same as that below that. More detailed analysis of the experimental

obtained by Holland and Codling,
4 

but shows much more data for Sr is in progress.

detailed structure. We conclude that Ca in the range

of 36-40 nm is produced by the two-step process: Ca(3p
6
4s

2

1 5 2 + 5 2 4 6 1 6 54
S) - Ca(3p 4s nt) - Ca (3p 3d4s P and P) - Ca++(3p 5). 5

Above the 3p ionization limit, Ca
*+ 

is mainly created Sr
through the autoiotnization following the 3p ionization.I

Ph e-g to)?R 6 5d 5P04d5s.I' 
2

f. I C.*

"' ' 0 42 44 46 48 50
K . Wovelength (rnm)

1r000 393P) Fig. 3
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ELECTRON ANGULAR DISTRIBUTIONS FROM AUTOIONIZING BARIUM RYDBERG STATES

U. Eichmann, V. Lange, M. Volkel and W. Sandner

Fakultat fUr Physik, UniversitXt Freiburg, Hermann-Herder-Str. 3, 7800 Freiburg, West Germany

Interchannel interactions in alkaline earth atoms 21 r7- 9 1,5 2030,

cause irregularities in bound state Rydberg series below p Bo6P112

the first ionization limit and autoionization above it. 44

While both phenomena are equivalent from a theoretical

A point of view, their experimental investigation requires _ _ _ _ _ _ _12)

rather different techniques. In particular, a complete
analysis of the autoionizing Rydberg states requires 2---- - -

energy resolved intensity and angular distribution 
(HF)

measurements of autoionization electrons. 
•

We report an experiment on the angular distribution

of autoionization electrons from (6P312ns)J=1 Rydberg 1

states in Barium, in the energy region above the 6pi/2 B6'5d32,5/2

threshold (n > 12). Autoionization can occur into four

different final ionic state of Ba+: 6p112 , 5d3/2, 5d5/2

* and 6s1/2. In each case the angular distribution, 0 *

following excitation from the bound 6sns (ISO ) Rydberg (HF)
states with linearly polarized laser light, is given by

I(0),x 1+ aP2 (cose). The a parameters for the various

final states are shown on fig. 1. We note that electrons -I

from the two Ba+5d final states were energetically not 6000 6200E(c 639875

resolved in this experiment. In contrast to related Fig. 1: a parameters for autoionization of the

studies 1'2 the present work focuses on the pronounced Ba(6P 3/2ns)j=1 states into the Ba+6s1 /2 (0),

energy (or n-) dependence of 8 found for each of the 6p1/2 (,) and 5d (0) continua. Open symbols:

final ionic states, most dramatically observed in case this work, filled symbols: Ref. 1. Dashed lines:

of the Ba+ld channels. HF calculation (this work).

Examination of the process reveales a total of 13

channels being involved, leaving some 90 parameters to the region of this experiment, model calculations of the

be determined by a complete MQDT analysis. Moreover, Ba+5d B parameter in the vicinity of a shape resonance

since no isolated perturber states are known in this exhibit a surprising similarity with those shown on

energy region, any MQDT treatment could only produce fig. 1. We note that the accuracy of the Multi

weakly energy dependent B parameters, in sharp contrast Configuration Hartree Fock program in calculating the

* to the experiment. Therefore, instead of a MQDT- Ba+ core may well be insufficient to reproduce the

parametrization we have undertaken ab initio Hartree energy position of the shape resonance to a precision

Fock calculations of the autoionization processes under required for this investigation. Therefore it is

consideration. The theory produces interaction matrix conceiveable that the observed energy variations in

elements and continuum phases for each channel; B are caused by shape resonances in the (Ba 5d,+f)j 1

parameters were then calculated using expressions channels, located about 64000 cm" above the ground

* derived from general angular correlation theory. state. Consequently, this work emphasizes the importance

As shown on fig. 1, the calculations yield 8- of including intrachannel resonances into the analysis

parameters which are in good agreement with the of autoionization Rydberg series, in addition to the

experiment for low n (n-9), but fail to reproduce the usual MQDT treatment of interchannel interactions.

energy variations for high n. However, it was found that

a shape resonance occurs in the 5df channels, which References

causes variations in both the matrix elements and f-wave 1. W. Sandner, R. Kachru, K.A. Safinya, F. Gounand,
continuum phases. Even though the predicted energy W.E. Cooke and T.F. Gallagher Phys.Rev.A 27(1983)1717
So r a 1 c f2. R. Kachru, N.H. Tran, P. Pillet and T.F. llagher

position of the resonance (-120000 cm1 ) i far outside Phys.Rev. A 31 (1985) 218
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CHANNEL INTERACTION OF THE THREE J-3 6pjnd AUTOIONIZING SERIES IN BARIUM

Oliver C. Mullins, Yifu Zhu, Emily Y. Xu, and T.F. Gallagher

Department of Physics, University of Virginia, Charlottesville, VA 22901

The energies and widths of a 6p3,2nd J=3 auto- interactions of the 6p 1 /2nd 5 / 2 , 6p 3 /2nd+ and the

ionizing series are reported for n-8-17. Above the 6p3/12md
- 

series and the continua. Our MQDT treatment

.p 6/2 ionization limit of Ba
+ 
(n> 10 for the 6P3/2nd successfully accounts for rather extensive data over an

" ,states) the series is found to have approximately con- appreciable energy range.

stant values for the quantum defect (W1,2.85) and for Finally a discrepancy is clarified concerning the

the scaled width (In .n*3 (Hartree)%.07). The values energy of the 6P31 214d+ state and relates to the in-

compare with those previously reported
1 

for the other fluence of the bound perturber 5d7d
3
F2 on the

6P3/2nd series, p" 2.74 and Fn n 0.11. By reporting 6s14d
1
,
3
D2 states.

the scaled widths in Hartree one obtains directly the

ratio of the peak widths to the peak separations. The References

experimental method employed was to resonantly excite 1. F. Gounand, T.F. Gallagher, W. Sandner, K.A. Safinya

6snd 1D 2 states using two tunable dye lasers followed and R. Kachru, Phys. Rev. A 27, 1925 (1981).

3/2nd autoonizing states using a 2. L. van Woerkom and W.E. Cooke, private communication
by excitation of 6P3n/ at2
third dye laser. The resulting barium ion signal was

detected as a function of the frequency of the third

laser (see Ref. 1 and references therein). The newly

reported series is the dominant 6p3 /2nd series formed

when photoexciting the 6snd 3D2 states, whereas the

previously reported 6P3/2nd series dominates when

photoexciting the 6snd I D2 states. Thus, the two auto-

ionizing series are approximately represented by

6P3 /2(nd3/2+nd5 /2) and 6P3/2(nd3/2-nds/ 2), the plus

combination, hereon denoted as 6p3/2nd+, represents

the previously reported series. This coupling suggests

that the effects of the Coulomb interaction of the two

electrons and the spin-orbit coupling of the Rydberg

electron are comparable. A detailed examination of

this excitation process is currently in progress.
2

Below the 6p1/2 ionization limit, the two 6P3/2nd

series interact with the 6p1 /2nd5 /2 series, all series

being J-3. We find that the 6p,/2 nd5 /2, 6P3 2nd-

'I interaction is somewhat smaller than that of the

6 P/ 2 nd5  6 nd series. Evidence of channel inter-

action is obtained from the corresponding Lu-Fano plot,

but due to the large energy width of autoionizing

states, difficulties with this method can arise.

Channel interaction results in the appearance of multi-

ple peaks in the photoexcitation spectra of certain

6sndl3 D2 states as the autoionizing state wavefunc-
tions are mixed, thus allowing for a direct determina-

tion of channel interaction. The autoionizing state

energies and widths and the photoexcitation spectra can

be accounted for using multichannel quantum defect

theory (MQDT). Previously, a four channel (two bound

channel) MQDT analysis was successful in describing the

interaction of the 6pl/2nd5 /2 and 6p3/2nd
+ 

series and

the continua.
I  

Here, we report the results of a six

channel (three bound) MQDT analysis to treat the (.H6
%. %

%,
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THE RESONANT PHOHIONIZATION Of H ATOM IN INTENSE MAGNETIC FIELDS*
S. K. Bhattacharya

t 
and Shih-I Chu*S

tDepartmnt of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303 USA

*Joint Institute for Laboratory Astrophysics, University of Colorado and

National Bureau of Standards, Boulder, Colorado 80309 USA

The structure of the hydrogen atom in intense mag- oscillator strength distribution df/dw is seen to he

netic fields continues to attract considerable atten- monotonically decreasing from a finite value of about

tion in the literature. Interest in this system is 0.5 a.u. at the ionization threshold until the kinetic

partly due to the existence of intense field strengths, energy of the photoelectron Ek - &0 - IRe1EO(+)],

of the order of 10
9 

to 1012 gauss, at certain astro- approaches the first (N - 1) excited Landau threshold

physical objects like the magnetic white dwarfs and at 2 a.u., when the strong enhancements due to the

neutron stars respectively. For magnetic fields B be- presence of the N = 1 autoionizing resonance states

yond a critical value B 
=  

2.35 . 109 gauss, (n.- 0,1,2) can be seen. The N = 2 resonances are

an adiabatic separation of the cyclotron motion of the also visible for the four lowest autoionizing states.

electron from the Coulomb field dominated motion along For each N, these resonances form an infinite "Rvd-

the orthogonal direction is useful for studying some berg" series converging to Ek - Ny (a.u.). The asym-

aspects of the spectrum. However, the nonseparability metric photoabsorption line shapes characterizing the

of these motions itself becomes responsible for certain bound-continuum interactions are well resolved for

interesting features. These include, e.g., the go this system for the first time. Detailed structure

called strong field mixing pattern
I 
expected around of the photoionization spectra as a function of N,

the ionization edge at somewhat lower fields, as w1l nz, y, etc., will he presented.

as the appearance of the autoionizing states above the

ionization threshold. For y in the range of 2 to 500, X 0.6 II

the energies and widths of several of the autoLonizing, . D
Z ~ B@4.70 uIO9 G

states {EWnz(mw)) below the firet two excited Landau Ti

thresholds have been recently obtained via the ab ini- d 0.4 C

tio complex-coordinate coupled-Landau-channel (CCCLC) z

formalism,
2 

where N is the Landau quantum number (N I .- i
4 I

0,1,2,...), nz is the "hydrogenic" quantum number (nz  0 -

0,1,2,..., for each N), and m and x are respectively U) O o

the magnetic quantum number and the "z" parity. 0The presence of these autoionizing states is ex- 0 I 2 3 4
K.E. OF PHOTOELECTRON Et (a. 

peered to have a pronounced effect on the excitation

spectrum of the system in an appropriate radiation Fig. I

field. In this paper we shall present a nonperturba-

tive complex quasi-energy formalism
3 

which allows ac- Work supported by DOE, ACS-PRF and ARO.

curate treatment of photoabsorption cross sections and §JIL Visiting Fellow (19R5). Permanent address:

resonant line shapes for both one-photon (in weak ra- Dept. of Chemistry, Univ. of Kansas, Lawrence,

diation fields) and multi-photon (in strong radiation Knsas 66045.

fields) processes in the presence of intense magnetic

A fields on an equal footing. References

Figure 1 depicts the one-photon ionization spec- I. A. R. P. Rau, J. Phys. R ±, LIq3 (1979); J. C.
Gay, Com. At. Nol. Phys. 9, q7 (19RO); 11. Fano,

trum for a hydrogen atom in the presence of a strong J. Phys. B 13, L519 (198n).

magnetic field (y - 2, or B - 4.7 x 109 G). This cor- 2. S. K. Bhattacharya and S. i. Chu, J. Phys. A 16,totepoobopinfomtetgtybud L71 (1983). -

responds to the photoborption from the tightly bound 3. S. K. Bhattacharys and S. I. bu, j. Phys. R (suh-

state (i.e., N- 0, nZ- 0, m - 0+) The continuum mitted).
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PHOTOIONIZATION OF EXCITED Cs I STATES

Constantine E. Theodosiou

Department of Physics and Astronomy, University of Toledo, Toledo, Ohio 43606

Recent measurements and Hartree-Slater calculations spin-orbit interaction;

disagree on the photoionization cross sections of ex- G, our HS result, using the ground state

cited cesium atom states. Of particular relevance to configuration potential; E, our HS result, using the

this work are two different measurements on Cs: (a) the excited state configuration potential: I, experimental

62D(3/2) photoionization by Gerwert and Kollath,' and point from Ref. 2, renormalized using our
4 

accurate

(b) the 72S(1/2) photoionization by Gilbert et al.
2 

Cal- 7s lifetime. We see that the excited configuration

culations by Manson and coworkers; exist for both cases potential yields a better agreement with experiment,

and they predict Cooper minima in the wavelength region although trying to fit one experimental point is not

of both experimentil investigations. Gerwert and informative enough.

Kollath failed to detect any minimum between about 400

and 600 A.
1  

The one-point measurement of Gilbert et References

al., 2 being roughly twice the theoretical value,
3 

is I. K. Gerwert and K.J. Kollath, J. Phys. B 16, L217

* supposedly straddling a Cooper minimum; therefore, it is (1983).

hardly useful in indicating the general shape of the 2. S.L. Gilbert, M.C. Noecker, and C.E. Wieman, Phys.
Rev. A 29, 3150 (1984).

photoionization cross section in this wavelength region. 3. A. Msezane and S.T. Hanson, Phys. Rev. Lett. 35, 364

The present work was motivated by the desire to in- (1975); ibid 48, 473 (1982); J. Lahiri and S.T.
vestigate thoroughly the potential as well as the limi- Manson, Phys. Rev. Lett. 48, 614 (1982); 1. Lahiri

and S.T. Manson, Abstracts of Contributed Papers,
tations of the Hartree-Slater approach. To that end we XII ICPEAC, p. 39 (1981).

used the following improvements over the traditional 4. C.E. Theodosiou, Phys. Rev. A 30, 2881 (1984).

application of this approximation:

1. Since we are studying photoionization of excited

states, we should use the appropriate self-consistent 16-7 - HSI CS 62D3/2

field of this excited state rather than the ground state E

potential tabulated by Herman and Skilman.

2. Since cesium is a heavy element (Z=55), spin- .c HSJ
orbit interaction and relativistic effects on its photo- 0-

ionization ought to be significant. We have included U'

those effects by adding to the Hartree-Slater potential 10-20

V(r) the appropriate term from Pauli's equation: 0

V 1 a
2  

l dVso(r) = L *S -~ )> :-
r r= 600 500 400 300

where u is the fine structure constant. The full rela- wavelength (nm)
tivistic form is used here to ensure that the potential V

has the correct behavior near the origin.

Some of our results are shown in the following Fig- 10 Cs "

ures. In the case of 6D we show three curves: HS1, HS "71 2

result of Refs. 3; HS2, our HS result, including spin-

orbit, using the ground state configuration potential; E

HSJ, our HS result, including spin-orbit interaction, 
\

using the excited configuration potential; +, relative E
-20experimental data from Ref. 1, normalized to our curve. 10
-2

We notice that the HSJ curve agrees very well with C Il-

experiment. Still, however, more experimental data are I

necessary to clarify whether the experimental Cooper o2I cIl

minimum is actually at lower or higher wavelengths. In I

the case of 7S we show four curves: dashed lines, not 10
3  

10 20 1

including spin-orbit interaction; full lines, including wavelength (nml
%'

%'

4.7.

%% 41,
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THEORETICAL STUDY OF THE CONFIGURATION INTERACTION IN THE
PHOTOIONIZATION OF MG ATOM

T. N. Chang and Young Soon Kim

Department of Physics, University of Southern California, Los Angeles, California 90089-0484

We present the theoretical result of a comprehen- 1=0, 1, 2, .... Again the wavefunction is constructed

sive study on the effect of the configuration inter- in a non-local potential which pre-diagonalizes the

action to the photoionization of Mg Atom with Hamiltonian for a configuration series of given Z.

particular emphasis given to the IP autoionization In this study, we have calculated the photo-

structure dominated by the doubly excited states above ionization cross section at energy above the first

the first ionization threshold. ionization threshold. The transition amplitude can be

The final state of the transition is represented separated into three parts:
by the superposition of the configuration wave- 1) contribution due to the direct transition from

functions corresponding to three configuration series, the initial state to the final state continuum

i.e., [3pns], [3pnd], and [3sn(c)p. The basic background,

theoretical procedure is similar to that of Fano1 and 2) contribution due to the direct transition from

Bates and Altick 2 with two important modifications. the initial state to the final doubly excited

i) Instead of using the usual HF orbit in the . state embedded in the continuum, and

superposition of the wavefunctions representing 3) a second order contribution corresponding to

different doubly excited states in the total wave- the "two-step" transition from the initial

function Y E' we have employed a configuration wave- state to the final configuration mixed state.

* function by diagonalizing the N-particle Hamiltonian The result of the calculaticn will be presented.

matrix with a set of orbital wavefunctions generated This work is supported by NSF under Grant No.

in a non-local potential field which pre-diagonalizes PHY84-08333.

. the Hamiltonian for a given configuration series. 3  
References

ii) The principal value integral is evaluated
1. U. Fano, Phys. Rev. 124, 1866 (1961).

with the exact numerical solution with the differential

equation technique developed elsewhere.
4  2. G. Bates and P. L. Altick, J. Phys. B6, 653 (1973).

The 1S initial state of the transition is 3. T. N. Chang and Y. S. Kim, preprint (1985).

* characterized by a superposition of wavefunctions 4. T. N. Chang and R. T. Poe, J. Comp. Phys. 12,
. 2 4.T .CagadR . oJ op hs 2

representing configuration series [ni ,nkm1(m>n)] with 557 (1973).
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THRESHOLD EFFECTS IN INNER-SHELL PHOTOIONIZATION OF OPEN-SHELL ATOMS:
HARTREE-FOCK CALCULATIONS OF BORON

Samir K. Bhattacharya and Steven T. Manson

Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303 USA

Although open-shell atoms constitute most of the 3.0 _ _ _ _ _ _ _ _ _ _

periodic table, surprisingly little experimental work

has been done on their photoionization. On the

theoretical side, there is very little past the simple

central-field level, particularly for inner shell

processes.
1  

We have, thus, embarked on a program of

4' calculation, at the Hartree-Fock level, of inner-shell 2

photoionization cross sections.

In this abstract, we report on our results for a.
boron, an open-shell atom, whose ground state is - B 2s
1s22s

2 2p 
2P. The calculations were performed using 

X BK
discrete wave functions for B and B+ 

(fully relaxed) by

the method of Clementi.
2 

The continuum wave functions i.O I I I I

% were calculated using our own code.
3 Photoabsorption 0

sby a 2s electron leads to six possible channels:

S(1 s 2 2s2p 1 P)ep 2s, 2 p, 2 Dand (1s 2 2s2p 3P) p 2 S, 2 p, 2D. hP(RYDBERGS)
, The two sets of possible final states are physically

distinguishable owing to the energy difference between

the 1P and 
3
p states of the B

+ 
ion core. This energy Fig. 1: 

3
p:

1
P branching ratio for 2s photoionization

difference, along with dynamical differences in the in boron. The curves L and V are the Hartree-Fock

continuum wave functions for the various channels, results in "length" and "velocity" respectively, while

leads to a 
3
p : 'P branching ratio which can deviate curve K is an estimate of the "kinetic energy effect"

from the statistical value of 3. This is shown in Fig. as described in the text.

1 where it is seen that that, although there are some

differences between "length" and "velocity" results, References

both show very significant deviations from the 1. A.F. Starace in Handbuch der Physik, vol. 31,

statistical ratio near the 1P threshold and climbs edited by W. Mehlhorn (Springer-Verlag, Berlin,

towards 3 with increasing energy. Also shown in Fig. 1 1982), p.
1
.

is a branching ratio determined by assuming that the 
1
P 2. E. Clementi and C. Roetti, At. Data Nuc. Data

matrix elements were the same as the 
3p, only shifted Tables 14, 177 (1974)

I by the difference in binding energy. This isolates the 3. D.J. Kennedy and S.T. Manson, Phys. Rev. A 5, 227

the "kinetic energy effect". It is seen that the (1972).

*l "kinetic energy effect" does not entirely explain the

branching ratio. Thus dynamical effects on the wave

function are of importance.

Results for the photoionization cross section of

the 2p and Is subshells of boron will also be

presented, along with branching ratios and

photoelectron angular distribution asymmetry

parameters.

We are indebted to A.Z. Msezane for providing us

with the discrete wave functions for B and B*.

* SWork supported by the U.S. National Science Foundation

I%0
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PHOTOIONIZATION OF THE EXCITED Na 4d STATE
e

Alfred Z. Msezane and Steven T. Manson
#

+Department of Physics, Atlanta University, Atlanta, Georgia 30314 USA
#Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303 USA

Photoionization of excited states has recently References

seen an upsurge of activity owing to both the 1. A.Z. Msezane and S.T. Hanson, Phys. Rev. Lett. 48,

availability of light sources and to the interest in 473 (1982).

F ... some new minima which have been predicted 2. J. Lahiri and S.T. Manson, Phys. Rev. Lett. 48,
* theoretically.

1
'
2 

It is of importance therefore to get 614 (1982).

some feeling for the reliability of the calculations. 3. C.F. Fisher, Comput. Phys. Commun. 4, 107 (1972).

This can be done by comparison with experiment and with 4. A. Z. Msezane and S.T. Manson, Phys. Rev. A 30,

more exact calculations. 1795 (1984).

In this abstract, we report on a Hartree-Fock 5. D.J. Kennedy and S.T. Manson, Phys. Rev. A 5,

calculation of Na 4d photoionization. The calculation 227 (1972).

was performed using discrete numerical Hartree-Fock 6. A.V. Smith, J.E.M. Goldsmith, D.E. Nitz, and S.J.

wave functions for the initial atomic and final (fully Smith, Phys. Rev. A 22, 577 (1980).

relaxed) ionic state obtained from the code of

Fischer.
3 

It wa.i found that it was important to use

numerical functions, rather than analytic, due to the

sensitivity of the excited state orbital. 4  The Fig. Photoionization cross section of Na 4d. The

continuum wave function were calculated using our own solid curve is our Hartree-Fock result and the

code.
5  

experimental point is from Ref. 6.

The calculated cross section is shown in Fig. I

along with an experimental point.
6 

Only a single curve -_T T I

is shown even though the calculation was done in both

"length" and "velocity" formulations
5 

because the

results are so close together. The simple Hartree- 1
Slater central-field result (not shown) is also quite

close, within 10% over the range shown. The agreement

of all of the theory with the experimental point
6 

is

. seen to be excellent.

The experiment, which measured the d- f and d-p 1.0
cross sections indepenlently, found the former to be

overwhelmingly dominant by at least a factor of 150.

. From our calculation, we find a zero in the d -p

transition about 0.1eV above the measured point. This

explains why the d - p transition is so small and the 0.1

" .'measurement constitutes the first, albeit indirect,

* -.- evidence of the existence of an i-Q-1 minimum in

excited state photoionization, which has been predicted

* theoretically to be a widespread phenomenon.
1

I0.01

Work supported by the U.S. Department of Energy and

the U.S. Army Research Office.
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'RELATIVISTIC CALCULATIONS OF THE PHOTOIONIZATION OF 6s SUBSHELLS IN HIGH-Z ATOMS

B.R. Tambe
+ 

and Steven T. Manson
1

+Depirtment of Chemistry and Physics, Southern Technical Institute, Marietta, Georgia 30060 USA
'Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia, 30303 USA

Relativistic interactions in high-Z atoms have References
recently been shown to have dramatic effects on the 1. S.T. Manson, C.J. Lee, R.H. Pratt, I.B. Goldberg,

zeros in the dipole matrix elements for photoionizing B.R. Tambe, and A. Ron, Phys. Rev. A 28, 2885

transitions1,2 (Cooper minima). These effects include (1983).

shifts and splittings of the zeros, from their non- 2. B.R. Tambe and S.T. Manson, Phys. Rev. A 30, 256
relativistic locations, all out of proportion to the (1984).

Sstrength of the relativistic interactions, amounting in 3. B.R. Tambe and S.T. Manson, XIII ICPEAC Abstracts

some cases to hundreds of eV! These effects have been of Papers (ICPEAC, Berlin, 1983), p. 15.

* studied in 6pi, 5d 2 , and 5p3 subshells of high-Z atoms. 4. S.T. Manson, Phys. Rev. A (in press).

In this abstract we report on our results for 6s

subshells.

The single non-relativistic 6s -e p zero becomes

two zeros, 6s -r p and 6s - ep3, under the action of
relativistic effects. Of primary interest is the Figure 1: Location of the zero (Cooper minimum) in the

-- dipole matrix element for 6 s photionization1
* energy splitting between these two relativisitic zeros,

and the relationship of their location compared to the in energy in atomic units (27.2eV) above

'C>. threshold (E mind vs. atomic number Z. Thenon-relativistic case. This is a very sensitive probe

of relativisitic interactions, relativistic results for transitions to pi

Our study has been carried out using Dirac-Slater and p3 are shown, along with the non-
(DS) wave functions for initial and final states, thus relativistic HS result.

incorporating relativistic interactions from the start. 4 . . .
To make the comparison with the non-relativistic

prediction, we have the Hartree-Slater (HS) results
4

which are the non-relativistic analogue of DS.

The "trajectories" of the zeros are shown in Fig.

1 where it is seen that the zeros in the two

relativistic transitions behave completely differently 3.0 6 S
as a function of Z. The transition to pi behaves

rather like the non-relativistic result, but the p

zero moves out significantly, as a function of Z. In

addition, structure is seen in the p3 trajectory.

* An important implication of these results is that /

the photoelectron angular distribution asymmetry -' 2.0
parameter, 6 , will be strongly energy-dependent and ES-P 3 1 2

rather different from the non-relativistic value of

two.

Results for cross sections and B's for a number of

* Z's will be presented. 1.0

Work supported by the U.S. National Science[Tndtin HS
s-P1/2
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PHOTOIONIZATION OF MERCURY*

K. Bartschat and P. S. Scott

The Department of Applied Mathematics and Theoretical Physics
The Queen's University of Belfast, Belfast BT7 INN, Northern Ireland.

The relativistic R-matrix method of Scott and Burke Brehm and Hdfler 1978), while in fig. 3 we give the spin

(1980), which allows the inclusion of all the one-body polarization parameter E which describes the polari- %

operators (spin-orbit interaction, Darwin term and mass zation of photoelectrons produced by unpolarized or

correction term) of the Breit-Pauli Hamiltonian, has linearly polarized light (experimental data from .

been used to calculate the photoionization of the Sch~fers et al (1982).

(6s ) S ground state of mercury in the energy region It is intended to extend these calculations to

between 10.43 eV (ionization potential of Hg) and 14 eV. higher energies and to use the relativistic R-matrix

This energy region is of particular interest as it is method to study the photoionization of other atoms

dominated by a wealth of structure originating from such as Xe and Cd. The latest results in these .4..

9 2autoionizing resonances with configuration 5d 6s areas will be presented at the conference.
2D3/2,5/2) n.j• 

References

We have performed a 5-state close-coupling calcul- 1. B. Brehm (1966), Z. Naturforsch. 21a, 196.

ation, where the 5d
1 0

6s (2s1/2) , 5d
9
6s

2 
(
2
D ) 2. B. Brehm and K. Hifler (1978), Phys. Lett. 68A, 437.

add
10  2 123/2,5/2 ys et.6A,47

ad ( Pd/ 2 3/2) ionic states have been included 3. W. Eissner, M. Jones and H. Nussbaumer (1974),

in the R-matrix expansion. The target wave functions Comput. Phys. Somun. 8, 270.
used were obtained from a Thomas-Fermi model potential 4. F. Sch9fers, G. Schdnhense and U. Heinzmann (1982),

Z. Phys. A. 304, 41.
using the SUPERSTRUCTURE program of Eissner et al (1974). 5. N. S. Scott and P. G. Burke (1980), J. Phys. B. 12,

In fig. I we present our results for the total photo- 4299.

ionization cross section a and compare these results * This work was supported by the Deutsche

with the experimental data of Brehm (1966). Fig. 2 Forschungsgemeinschaft and the British Council.

shows the asymmetry parameters 8 (experimental data from

)8 (Mb) 6 D 5d 
9 
6 3 /2 

)  
6 p 1 / 2 ( 2 5 ) 1 .5"- -.

200I
2 6 P l / 22 1 .0 . -1-0

(D 613o.
100 3/2 83/2

100.0 0.0

-0.5

1I 12 13 14 11 12 13 14]
energy (ev) enerfy (eV)

Fig.l: Total cross section o for the nhotojonjsation Fig.2: Angular distribution narameter 8 for the photo-

of the (6s2)IS ground state of Hg; ionisation of the (6s')IS ground state of HP;

theory. experiment (Brehm 1966). - theory. exneriment"(Brehm and Hufler 10q78).

0.2

11 12 13 14
energy (eV)

Fi.3: S"in oolarisation parameter for the photo-
iontsation of the (6s )IS, ground state of H-;

theory, f experiment (Schafers et al 1982).

%
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RADIATIVE TRANSITIONS IN CALCIUM IONS

K L Baluja
I 
and K T Taylor

2

1 Daresbury Laboratory, SERC, Daresbury, Warrington, WA4 4AD, England
2 Department of Mathematics, Royal Holloway College, Egham Hill, Egham, Surrey, TW20 OEX, England

Oscillator strengths have been obtained for transitions A general representation of each LS n symmetry

between low-lying states of Ca III with dominant of the Ca II system was then obtained using the

6 5 5 4
configurations 3p , 3

p 3d and 3p 4s calculated R-matrix method of Burke et al . This involved

using the program of Hibbert . These states, close-coupling single-electron wavefunctions

(all corresponding closely to a pure LS coupling U.. (r) satisfying a common logarithmic boundary

scheme) were each represented by about 20 single condition, to the multi-configurational wavefunctions

electron configurations that allowed for internal, of Ca III described above. This is represented by

semi-internal and all-external correlations by LS (1)= ALC" . iP U. .(r) + E djk r < a (i)

means of singlc and double electron excitations ij 1] 1 3  j

to pseudo-orbitals 4p, 4d and 4f. Of these correlations

the most important was found to be that linking 1 dU. . 0
2 2U.-TT. /

3p to 3d
2 
arrangements, a fact not previously 13 r = a

recognised for this ion. The excitation energies where the boundary radius a was chosen to be

calculated for these states are compared with the

experimental results of Bogsrb 2,3 in Table 1 10 Bohr. The (bi consist of the wavefunctions

n experimare sltis oBorgstrom
2 3  

nly t for the nine Ca III states combined with spin and

and the agreement is very satisfactory. Only two angle functions for the last electron, i. is the= .' 'idipole allowed absorption transitions
r. d.. anti- symmetrisation operator and configurations

-. ." 4j are composed entirely from the bound orbitals
State Present Ee n2,3

I Calculation Experiment used in constructing the Ca III wavefunctions.

5,, 3. 0 1Matching on the spherical boundary to the strongly

3p
5 
d 3 o 0.970Q 0.932i energy dependent single-electron multi-channel
3 F wavefunction outside, gives the coefficients C..1

3p
5
3d 1D0 1.0287 1.0460 and d..

3p
5
3d Do 1.0336 1.0466 Radiative transitons from the ground state

3p
5
3d 

1
Fo 1.0405 1.0547 of Ca II are represented by

3p 54s 3P 0 .088 1.1323

3p
5
4s po 1.1286 1.1409 hu + Ca II (

2
Se) Ca*II (2p) 2

3p
5
3d 

1
pO 1.2729 1.3164 k (Ca III + e-} P

5, ___ where the first arrow corresponds to photon absorption

TABLE 1 Excitation energies (in au) of 3p 3d and that leads to a bound-bound transition in the

3p 54s levels of Ca III from the ground ion, whilst for the second, the photon has sufficient

state. energy to ionise Ca II ( 2Se). We have represented
1(3p

6 
1S 3p54s IPo and 3p

6 
1S 3p53d IPo) occur both these bound and free states of Ca II by R-matrix

among the 9 states considered. Length and velocity wavefunctions of the form (1) thus allowing an

values for the corresponding oscillator strengths equivalent representation of both sides of the

are in excellent accord and are given in Table 2. dipole matrix element. These calculations are

still in progress but oscillator strengths and

Transition Length Velocity photoionisation cross sections for Ca I will be
61 5 1presented at the conference.

3p se*3p 4s pO 0.7093 0.7229

3p6 Ise3p5 3d ipO 3.6883 3.6811 References

1. A. Hibbert, Comput.Phys.Commun. 9, 141 (1975).

TABLE 2 Absorption dipole oscillator strengths in the 2. A. Borgstr~m, Ark.Fys. 38, 243 (1968).

length and velocity formulations transitions 3. A. Borgstrdm, Physica Scripta 3, 157 (1971).

in Ca 1I. 4. P.G. Burke, A. Hibbert and W.D. Robb, J.Phys.B

4, 153 (1971).

U-,-



a W9 25

FIELD-INDUCED AUTOIONIZATION OF QUASI-STABLE RYDPERG-STARK LFVELS

David A. Harmin

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 80309 USA

The process of atomic autoionization is most fa- the coupling
miliar as a multielectron effect. In zeroth order, <Enmii1nt.>  U _m U p =m tn t

a doubly excited discrete state is degenerate with one I

or more continua from other channels. Any coupling be- with quantum defects fuo=-4/wl. One stable state

tween these channels leads to a mixed state TE' inter- n1 (Ennlm = E
) 
autoionIzing to continua (nl cl has a

preted as an initially stable state that decays via the decay rate r - 2(dA/dE)
- l 

rc1Kc
2
, where c - <;1

continua. Interference effects result in asymmetric IK1c> and -'dA/dE is the n -channel's density of

Fano profiles,I (e+q) 2/(2+1), e - (E-E0 )/(r/2), where states (we have ignored the shift Fo). The asymmetry

r is the width and q depends on the particular transi- parameter for photoexcitatfon from an initial state

tion to +E" 10> is1 q - /[w Ec Kcdc , where a and dc are dipoles
One excited electron outside a closed-shell core dnm . <Enimirmi0> (r. depends on polarization

3
) or,

cannot autoionize because it has a unique threshold -in terms of spherical dipoles 4 d - IT sec do

no discrete-continuum degeneracy is possible. However, The known (F-O) atomic parameters tit, o), transfor-

an exception occurs when the atom is in a dc electric mation UnZm and eigenvalues An m, completely deter-
field F - Fi. Field-induced autoionization of a single mine r and q.

electron is neither a new phenomenon
2 

nor a theoretical A further simplification follows from noting that
perplexity,

3 
but it has only recently been approached

4  
all continua satisfy -1 AI A AJEF). e re-

in the spirit of Ref. 1. We present here a simple,place Ucmcm by the matrix

useful result based on Fano's archetype.

J : Consider an electron photoexcited to a high B , (E) = (-1),,
+
t A c p P, (A)dA  (2)

N. Rydberg state. Outside the core one finds the poten- m(

. tial V(r) - -1/r + Fz (a.u.). The threshold is lowered which projects the total H continuum background ontn

from E-O to Ec- -2rF, above which lie continuum states. %-channels for lixed m 1BF(Ec)=O liB(f-T),. Thus,

In H, V(r) applies everywhere and the Schr8dinger equa- at

tion is separable in parabolic 
coordinates.

4  For any

F, m-Imtl, F-l/2 v
-2
, eigenfunctions are labeled by q - -(U secS do)/(U tanA RF sees do) (3)

44 wld/A 1tn V a T)(4.,. nl-Ol,... with eigenvalues
4 

AM(E) (-I<A<). Each r - 2w-(dE/dA) (I tan
5 

B' tand lrT ) (4)

nl-channel has a potential barrier with a maximum at where U (do) is a row (column) vector, sec6 and tanA

Enim(E) nlm(E))F
l /  

Stark wave functions diagonal matrices. Ecuations (3)-(4) serve to classify

can always tunnel to z
-
- but when E(Ec there exist observed trends in autoionizatinn lineshapes snd widths

quasi-stable levels Ennlm(F) where the tunneling rate in two ways: (1) with approximate eigenvalues A 2(nl+
is negligible (n extrapolates to the principal quantum

/2 + m/2)/n - 1, the i te states are Identified
-. number at F-O). The key feature in the range Ec<E<O is through nm , P M

(
X
); 

(11) the range of the continua
that states with A

n
m < Ac(E,F) = I - 2jE/EcI2 

have E > (2) scaleswith F through the ratio r - Io/r
2 . 

For
a adine, -F wt /l. m(E) and ionize, whereas those with Anl > Ac are example, for p-dm-l) transitions in He, i, or Na, we

below the barrier and still stable. Thus, continua and keep only dl and do, and find q = A/- 3 tanA1 r
2
(1-r)

2
1

(quasi-) discrete states are degenerate in H, though, and r (I-A
2 
)(l+2r)(-r)

2
: q reverses sign and r is

being eigenstates, they do not mix. largest when A - n, r Increases with the continua from

A spherically symmetric core couples the n,- r1 to 0, and q- (symmetric profiles) at r - 0,1.

channels. To match to core boundary conditions, where

lFzt << l/r, we appeal to Coulomb degeneracy and
expand in pher1cal funcon . 1. Fano. Phys. Rev. 124, IA6 (060.

SlEn"m 2. M. C. Littman, M. N. Kash, And n. Kleppner, PhvR.
ZQ, E~Unllt. m>. The coefficients Un lm for fixed m<<v Rev. Lett. 41, 1n3 (1975 ; S. Peneuille et Al.,

ru tnmi4 Phys. Rev. l--tt. 42, 1404 (1979).
reduce to normalized Legendre functions, Unl1 m 3. D. A. MArmin, Phvq. Rev. A 26, 2656 (IQR2).
(2/v)

1/2 
(-1) P.(Anlm), Thus we obtain from the 4. n. A. Parmin, in Atomic Spertrs and Collisions

-1 in Fxternal Fields, eds. M. H. Navfph and C. w.
* spherical reaction matrix <EP'mtKtIEm ) alrk, in press (19A5).
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HALF-SCATTERING PROCESSES IN THE PRESENCE OF LONG-RANGE BARRIERS

David A. Harain

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 80309 USA

The removal of a bound electron from an atom or 0), correspond to pure discrete and continuum states.

ion by photoabsorption is a half-scattering process: The total wave function is T(r) - *I - T+ . (I+TH)f -

the system is promoted from To to an excited state IE' Tg, yielding the transition or "scattering" amplitude

and this condensed state then fragments outwards. Chan- T(e) - [cots - H(e)]
I
. The scattering cross section

nels (ii denote quantum numbers LSJr for the core, elec- for 4, * 4, is thus D(e) - ImfT(E)), in analogy to the

tron, and coupled system. The escaping electron has a absorption of radiation by a system with susceptibility

channel-dependent energy Ei - E - Ei for core states T(c).

with nondegenerate Ei. Now the unwritten assumption is We normalize D(e) so that it averages to unity pr

that the ionization thresholds ei-O derive from an in- accumulated state [when integrated over any range 0 <

finite potential barrier (taken here to be Coulomb, V = 0(modw) < w] by setting

-Z/r). This introduces a distinction - which we re- D(c) = (K-
2
+1) IM[

- I - H(c)]
-

I

gard as artificial - between discrete (Ei < 0) and con- i C sc ImIcot6 + cot(0+iy)]- I 
COCA

tinuum (ci Z 0) states. They have tunneling integrals

Im Jr' k(r')dr' 4 and -', respectively, i.e., This renormalizes all T. per unit energy at r+ - in-

'a" * zero penetration below and zero reflection above the stead of r<r I. Thus D(e) is properly a DOS cross sec-
"a., infinite plateau at £l-0. The distinction is removed tion describing the redistribution of the smooth DOS

by adding to V(r) a term -Fr (F>O), which renders the w -d4/dc by the barrier (whereby the optical theorem

barrier finite and all wave functions continuous as r+ Im{T) - IT1
2 

is satisfied only on the average). The

-. This clue, borrowed from Stark theory, ultimately actual photoexcitation cross section a(c) - d D(E)d

serves both to extend the density of states (DOS) view must include the dipoles
I 
d - <TEIrIY>. Eq. (1) re-

.-, of the Stark effect
1 

to mltichannel systems
2 

and to duces to Im(cot[(6+S)+iy), which in the discrete re-

generalize the multichannel quantum-defect theory gion has shifted poles $n(n-u)-iO+ as expected. In

(MQDT) of spectra
3 
to arbitrary long-range barriers, the continuum (y..') we get T-Im(cot6-if

1
-sin

2 
6, the

Consider a single channel wave function Y(r)/r at usual scattering result, and D-I (no barrier effects).

excited energy c. We define three regions: (A) short- In the Stark effect F is not an artifact. There

range, r ro - core; (B) intermediate, ro  r rI - are many degenerate channels with a range of df/de and

first turning point of k(r) (complex at c > -2/ZiF); (C) barrier sizes (the coordinates are also relabeled ).
Most generally in NO'!' one can parametrize a system

long-range, rl r < -. In (B) we choose energy-nor-

malized basis functions (f,g) - k-I/2(sin4,-cos#), with core bc specified by a reaction matrix K-VtanSV

* =(r) - Re f k(r')dr' + w/4, k
2
(r) - 2(c-V(r)); these (diagonalized) and, for arbitrary barriers, f6 a(c),

WKB forms apply to highly excited states. Boundary TO(W)) for long-range eigenchannels (a). If K is re-

conditions (bc) at r - ro are given by K - tend ferred to i-channels, (i) and {a) are related by a

The normalized eigenfunction in region (B) is then - transformation Uai (known for the Stark effect
2
). The

coadf(r) - K g(R)]. We formulate the scattering prob- multichannel matrix version of (1) is then

lem as follows. An "initial" state *i.f is scattered D = (K-
2
+1)

1 /2 
Im(K

- I 
- IJHU]

- I 
(K-

2
+1)

1/2

by the core into the state - g-Hf. H() is chosen - N Im!V cots + U cot(*+Iy) U
- 1 

N , (2)

V..so that *+ satisfies outgoing wave bc at r+ -. Without

long-range barriers (rl+ -) we would have HIi and *+ - with N - V cscd V (cots, H diagonal). The poles of

e
+ ' 

as usual. In the presence of barriers one finds
1
'
2  

(2) occur at energies where detIK"-i-U0 - 0 in both
H() - -cot(4'+iy) = h+iH, where *(c)-w/2 - 0(rl)-w/4 is quasi-discrete and autoionizing spectra. We recover

the accumulated phase and y(c) - 1/4 1n(1+e-2T); 4 and Seaton's F-0 "contracted" formulas
3 

by putting 4c-w,,

-T increase with e. Note: (i) H() has a series of Yc-0 (y0  -) for closed (open) channels.
poles 0n(e) - nw-iy; (ii) the width 2y(e) increases References

from 0(e-2!), when T>>O (far below barrier), to In,
1. D.A. Harmin, Phys. Rev. A 26, 2656 (1982).• when <<0 (far above). The lits for H(), -cot +wvr2. D.A. Harmin, Com. At. Mol. Phys., in press (1985).

Siwd(0(muodw)) at r+ 4- and 0+i at r - (independent of 3. N.J. Seaton, Rep. Prog. Phys. 46, 167 (1983).
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STARK EFFECT AND FIELD IONIZATION

Alexander Alijah, John T. Broad and Juergen Hinzte

Fakultit fUr Chemie, Universit~t Bielefeld, D4800 Bielefeld, Fed. Rep. oI Germany

INTRODUCTION

Perturbing an atom with a static electric field is
. known to alter its spectrum drastically by trans- H--9 i" lly/

forming the bound states into resonances arid by

introducing structure into the continuum /i/. In
recent field ionization experiments /2/, it has been
possible to measure the broadening of high Rydberg
states and peaking in the continuum for the espe- -- il, runction

cially simple case of atomic hydrogen in Kilovolt

electric fields. The combination of the two distance
scales inherent in tile sharply localized atomic
Coulomb force and the weak, but long-range external ,...tHH
field make quantitative theoretical interpretation
difficult. Because the Schrddinger equatior for the
hydrogen atom in a static electric field iE sepa- Potential
rable in parabolic coordinates, we were able to
develop an algorithm based on the amplitude-phase7

approach introduced by Milne /3/ for bound states
and extended for scattering states by Lee and Light /
/4/ which computes the highly oscillatory wave
functions of the perturbated Rydberg and continuum
spectrum accurately and efficiently.

OUTLINE OF THE THEORY Fig. I. Bound Coordinate

= r-z and In the bound coordinate, the Milne Ansatz leads to
In parabolic coordinates, the quantization condition,
- = arctan(y/x), the Schrbdinger equation for a

hydrogen atom of energy E in an electric field of w
-2 

dx 
= 

(ni + i)n, n1 = O,1,2 (5)
strength F separates to give with the usual quanti- o

r zation of Lz with quantum number m, a bound Depending both on the energy, E, and tihe effective
Schrddinger equation in X with the effective charge, 82, the unbound coordinate exhibits a rich
Pwt oL. id! ,resonance structure caused by tile barrier in the

i
2

- i/4 - effective potential of equation (2). Lee and Light
V(x -

--
) /4/ approached such tunneling problems by determing

Is Rseparate amplitudes on each side of the barrier

t e=gZn-alu, t rme unbound e ftion inerwith the and matching the wave function in tire middle. Before
e c p - lothel uintegrating numerically care must be taken with the
effective potential non-analyticity caused by tie Coulomb force at the

U(m) - _ (2 origin and the explicit normalization required by

= 2n (2) the long range of the external field.

with continuous eigenvalue E/4. In an analogy moti- A resonance occurs at a maximum of the amplitude
vated by the perturbation theory of the fietd-free of the wave function inside the barrier as compared
atom, tie eigenvalues, p, in tle bound coo'dinate to the outside P very near to where the phase
can be numbered by t the parabolic quantum number, nl, function, 0 = w

- 2 , at the middle of the barrier,while the resonances in the unbound coordinate can Bgoes thr ou gho (n2+l)n. A Lorentzian widtt, rE,
be characterized by the number of nodes, n2 , inside 9B, W
the potential barrier, which becomes the remaining can be defined in terms of dOB/dE at tile resonance

quantum number in the field-free limit, energy.

To ovoid having to follow the numerous oscillations RESULTS
of the wave function for Rydberg energies, we make

the Milne Ansatz of deriving and numerically inte-
ing a non-linear differential equation directly The resonance positions Eres, and widths, r, for

grainga nn-lnea diferntil euaton iretly som stteswit n=9, 111=1, F= 1o
6
a.u. are presented

for the amplitude function, some states with n=9,

w r _) (- /2- , (3) 1, n2 :
10 1 .8822 6.972,- 6 5 I I S .7782

-

of the desired regular solution, ul, and an irreg- 2 fl H _.I. 4 3 , . 1_,,- .)I"2Hular solution u Thn, 3 I 176&57 416 9 I, 7" 31oI

4 13 1. 0 7 1.3 - 7 9 9 1.411 4, 9 -I

V_--Ul- wsint t w-dt + 0 0 , (4)
p:.'y o oREFERENCESand, if the initial conditions are choosen well, u2

will oscillate just out of phase with ul to make /1/ Landau,1..D.,lifschitz,E.M.. .heo. Phvs.I I( 979).

the amplitude, w, smooth in the classically allowed /2/ Rottke,ll.,Welge,K.hi.,J.Opt.Soc.Am.B.I(198l)485.
region and a stable, growing exponential in the /3/ MilneW.E.,Pihys.Rev.35 (1930)863. -
forbidden region (see Figure I). /4/ LeeS.V.,I.iglit,J.C.,C-em.Piys. Lett.,2(1974)435.

.. '% % .
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APPLICATION OF THE ANALYTIC PERTURBATION THEORY TO THE DESCRIPTION OF THE
ANGULAR DISTRIBUTION OF INNER SHELL PHOTOELECTRONS

A. Bechler and R. H. Pratt

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

Permanent address: Institute of Theoretical Physics, University of Warsaw, Roza 69, 00-681 Warsaw, Poland

We present results of a calculation of the inner Mc is the point-Coulomb matrix element of shifted energy
2

fi 
3shell photoelectron angular distribution. This calcula- with retardation included, and coefficients a and b are

tion can be characterized by the following features: given as expansions in powers of X. Here Oc is the

(1) It is an analytic screened calculation with the shifted velocity of the continuum electron, correspondirg

screening effects accounted for perturbatively and with to the shifted momentum pc, i.e. Bc = pc/m.

the point-Coulomb result takcn as an unperturbed reference Results of previous investigations suggest that by

point. including the retardation factor
5 
explicitly in the

- (2) It is a nonrelativistic calculation, i.e. the expression for matrix elements one can obtain a better

electron wave functions used and the electron-photon description for the angular distributions of photoelec-

6.
interaction are nonrelativistic. trons than by using the multipole expansions in its

(3) It goes beyond dipole approximation, i.e. the standard form. We use results of the present analytical

photon plane wave is not approximated by 1. calculations to examine the utility of such retardation

'"-' factors, and we also compare the various forms of these

Whereas in the total cross section the retardation contri- analytic expressions with exact numerical calculation.

butes terms of the order (v/c)
2
, i.e. of the same order

as relativistic corrections, the retardation correction References

in the differential cross section is of the order v/c, 1. J. McEnnan, L. Kissel, R. H. Pratt, Phys. Rev. A 13,

'4 and therefore it is reasonable to calculate nonrelativ- 352 (1976), Erratum A 13, 2325 (1976), A 14, 521

istic retardation corrections to the angular distribution (1976).

% without taking relativistic effects into account. 2. A. Bechler, R. H. Pratt, preprint PITT-307, 1983

'4 The calculation is based on the expansion of the (to be published in Ann. of Phys.)

screened-Coulomb potential In powers of a small para- 3. H. K. Tseng, R. H. Pratt, S. Yu and Akiva Ron, Phys.

meter A characterizing the screening, in the sense that Rev. A 11, 1061 (1978).

A-1 characterizes the dimensions of an atom: 4. D. Salzman and R. Y. Yin, preprint PITT-317, Uni-

versity of Pittsburgh, internal report, 1984.N a

V(r) = - - (1 + XVlr + A
2

V r + ... ). (1) 5. H. A. Bethe and E. E. Salpeter, Quantum Mechanics

of One and Two Electron Atoms, Springer-Verlag,

This expansion can be used to characterize the screened Berlin, Gottingen, Heidelberg; Academic Press, Inc.

atomic potential well in the interior of an atom. It New York, 1957, p. 311.

can therefore be used as a starting point in the descrip- 6. M. S. Wang, preprint PITT-296, University of Pitts-

tion of inner shell photoeffect when the ejected electron burgh, internal report, 1982 (unpublished).

energy is well above threshold, since then the contribu-

tion to the matrix element comes predominantly from

*small distances. The photoeffect matrix element has the

form

Mfi = '!I f d'x tf eikrE.P (2)

• Both initial (bound state) and final (full continuum)

wave functions have been found as expansions in powers
S 1,2

of A previously, substituting these expressions for

the wave functions into (2) we find that the photoeffect

matrix element for s subshells has the form

-- c (a +b cos e), (3)

where 6 is the angle between photon and electron momenta,

%0

%'? - . . ,-
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' 717,7, AUTOIONIZING RYDBERG STATES OF TRIPLET H2

R. Kachru, N. BJerre, and H. Helm

olecular Physics Department, SRI International, Menlo Park, CA 94025

We report the observation of autoionization spec- We have scanned smaller portions of the spectrum

tra of the Rydberg gerade ns and nd states in triplet with a narrower laser linewidth (0.1 cm-
1
). A portion

molecular hydrogen. A fast molecular hydrogen beam was of a high resolution spectrum obtained near 3400 A with

formed by charge transfer of H2 in ca and made coaxial a 0.1 cm
- 

resolution is shown in Figure 2. The higher

with a laser beam over a distance of 100 cm. The resolution spectra reveal that each low resolution peak

Rydberg states are excited by a frequency doubled splits into several peaks, representing primarily a

YAG-pumped dye laser from the metastable H2(c
3
nu ) single value of n. Each individual peak shows a 0.2

states present in the fast beam to high lying triplet cm
- I 

splitting indicating the fine structure splitting

Rydberg states which subsequently autoionize. in the c state.

Autoionizing states are detected by separating H2 ions

formed as a result of autoionization from the neutral W 1600 0.2

beam and counting. Figure 1 shows the experimental 0

spectrum obtained as the dye laser in its low In

* H 2 c 3 fl h .H +e20 cm-

-J

L1 200

,u_ I

100 3 n-4 +91 2941 H942 +92 292 20 r

0

UU

I- 30 39 40 340 31 50lgr 0 Itg reslu i epcao Ih auooit

cc 00-

< z

cWAVELENGTH (A) states obtained near 3400 . The 0.1

experimental resolution is lmited by thelaser liuewrdth (0. I-1). Te Doppler

'Filqgure 1 Low resolutiom auttooizaton spectrum of the width in the fast bea is substantially
t r i p l t , had I d e g : t te= e c te:f o - a ll e. . T h 0 . 2 o m s li ti g o b e r ved in
the c2 114 -- tastable stt. Terolton this spectrum corresponds to the fine struc-

[* of the spectra is limited by the laaer Uine- bte of the c state.U PHOTOwdth of 1 oa- 1

% .? Our preliminary analysis indicates that lines 4ith
y .resolution mode (laser linewidth 1 cm

-1
) is scanned n as high as 34 are diecernable in the spectra. A

from 3360 to 3550 A. The observed autoFoniztion detailed analysis of the spectra is currently being
spectra are rich in the number of lines even in low prepared.

eresolution since four gerade series are accessible from

irthe sixteen vibrational levels of the c state. The Work supported by NSF Grant PHYb4-11517.

. . d m n nt peaks in Figure 1 arise from the excitation to sma ddress: I t e of P hsi s Unve rit

of the spetra IdisrlmitednbytteuUserolin-yturesofUheivestate

the nd series beginning at n-S near 3535 A. The of p irhus, DK-8000 alrhus C, Denmark
cotin sbackground in Figure 1 is due to direct

photoionization from the c state. fc

Pu

NN

% %
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DISSOCIATIVE DOUBLE PHOTOIONIZATION OF SOME SIMPLE MOLECULES

Gerald Dujardin, Lucette Hetlner, Sydney Leach and Dominique Winkoun

Laboratoire de Photophysique Molecutaire du C.N.R.S.
Bitiment 213 - Universite Paris-Sud - 91405 Orsay Cedex, France

*. Introduction CH + hv - 2e- + CH CH2  + H + H (38.5 eV)
2 ++

In recent years, studies of double photoionization as determined from PIPICO curves . The two Cu4  states

(DPI) have mainly concerned atomic species. Double ioni- involved at 35 and 38.5 eV are assigned as T1 and aIE

zation of molecules has previously been studied mostly respectively. The maximum double photoionization cross

by using electron or ion impact sources. In our work, section for Methane, 0.08 Mb, is considerably less than

monochromatized synchrotron radiation in the 30-70 eV that of the isoelectronic atomic species Neon, 0.25 Mb 
3

region is used as a source for double photoionization of this appears to be related to the smaller extent of elec-

molecules. The lowest electronic states of doubly charged tron correlation effects in the more voluminous species.

molecular photoions produced by vertical transitions from State-to-state studies of the dissociation of doubly

the neutral ground state are well above the threshold charged cations is illustrated with the case of CH4 ++

energies for formation of the lowest dissociation pro- (aIE) - CH2
+ 
+ H + H. PIPICO curve simulation was car-

ducts. The consequent instability or metastability of the ried out to first establish that the a E state dissociates

doubly charged photoions can lead to their rapid disso- into three products : CH + + H + H. Further simulations
* 2

ciation. We have investigated the dissociative channels were made on the basis of three different models of the

following DPI of sulfur dioxide , methane , carbon dio- dynamics of the dissociation process : (i) simultaneous

* xide and ammonia, using an original photoion-photoion fragmentation statistical model, in which it is assumed

coincidence (PIPICO) technique. The results have enabled that the internal energy of the parent CH is statisti-
4

. us to investigate the following : (i) electronic state- caLty distributed over the degrees of freedom of the frag-

to-state dissociation processes in doubly charged cations, ments, and that rigorous energy conservation can be re-

(ii) electronic state symmetries of doubly charged ca- placed by average energy conservation ; 00 impulsive

tions, (iii) partial and total cross sections for DPI. mcd-t, in which W
+ 

and H have equal momenta, directed

(iv) threshold behaviour in DPI, (v) electron correlation along the C-H bonds ; (iii) Coulomb repulsion model in

* effects in DDt. which CH and H fly apart at 1800 from each other, and

the H atom takes off no kinetic energy. Good agreement

Experimental with the experimental PIPICO curve is obtained only for

The principle of our PIPICO technique is to detect, the curve simulated on the basis of model (iii). This

with a single detector, the two ionic fragments resulting finding demonstrates the major role of Coulomb repulsion

from the dissociation of a doubly charged photoion and in the fragmentation process.

to measure, by delayed coincidences, the difference bet- Results of similar studies on dissociative double

ween their times of flight. Comparison of experimental photoionization of other small molecules will also be

and simulated photoion-photoion coincidence curves enable presented.

us to identify the fragment ions and to determine the ki-

netic energy release. By repeating the measurements at References

different excitation energies we can determine thresholds 1. G. Dujardin, S. Leach, 0. Dutuit, P.M. Guyon and

for various dissociation processes and measure the par- M. Richard-Viard, Chem. Phys. 88 339 (1984).

tial and total cross sections for dissociative double 2. G. Dujardin, D. Winkoun and S. Leach, Phys. Rev. A31
000 (1985).

photoionization. The experimental set-up has been descri-

bdidealeswee2. 3. V. Schmidt, N. Sandner, H. Kuntzem~lter, P. Dhez,
bed in detail elsewhere

2
. F. Wuilleumier and E. KAlne, Phys. Rev. A 1748

* 
(1976).

ResuLts 4. T. Baer, A.E. DePristo and J.J. Hermans, J. Chem.
Phys. 76 5917 (1982).

Methane will be used as an example. The measured

(dissociative) DPI cross section of methane in the 34-41

eV photon energy range contains two breaks, at 35.0 and

38.5 eV, which correspond to the thresholds of two diffe-

rent dissociative double ionization channels

CH + hv 2e + CH + CH3 + H
+  

(35 eV)
4 4 3

S%
• , .. .. .-. . . . -, , . .. ,
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SINGLE PROTON DOUBLE IONIZATION IN SOME TRIATOMIC MOLECULES

P. LABLANQUIE, I. NENNER, P. MILLIE, P. MORIN

CEA, lWpartement de Physico-Chimie, CEN/Saclay, 91190 Gif Sur Yvette, France

and LURE, Universit6 Paris-Sud 91405 Orsay C~dex, France

J.H. ELAND

Physical Chemistry Laboratory, University Southparks Road, Oxford OX132, U.K.

J. DELWICHE, M.J. HUBIN-FRANSKIN

Institut de Chimie, Universitd Sart Tilman, 4000 Li~ge 1, Belgium

INTRODUCTION been recorded. Several deductions can be made from such

Double ionization of a molecule by a single VUV pho- measurements.

ton has recently become an important subject ofinvesti- - Single photon double ionization is a suprisingly in-

gation, thanks to the development of ion-ion coincidence tense phenomenon (most of all in CS 2' where it can

(PIPICO) techniques /I/ which can characterize dissocia- account up to 40% of the absorption).

tive double ionization, and to the availability of sui- - The different appearance energies provide experimental

table photon sources :Hell lamps /2/ or synchrotron determination of the position of the successive M
+ +

radiation /1,3/. We present I) evidence of double ioni- electronic states, in the Franck .*ondon region.

zation processes in the triatomic molecules CS2, OCS CALCULATIONS OF M
++ 

STATES

and CO2 which are isoelectronic in their valence shells. We performed a calculation of the vertical transition

2) experimental and theoretical determination the M energies using an ab initio SCF CI method with polarized

electronic states. atomic orbitals. All M
++ 

states have been calculated in

0 EXPERIMENTAL a 10 eV range above M
+ 

ground state. Comparison with

experimental M++ appearance potentials leads to the<" ~Sncrto radiation fromemnt :CO thea stoag rindgtte(etsa

is monochromatized in the 25 to 75 eV range, and then following assignements the M++ ground state (metasta-

focussed into the center of an ionization chamber, where ble) corresponds to the ejection of the two outermost' ,, electrons. The great density of states calculated above

it crosses at right angles an effusive 
jet of gas ; ions

6 eV (with respect to M
++ 

ground state) makes a definite
are then. extracted into a traditional two stages time of

! 'flight spectrometer /3/. Mass spectra are obtained by asgeeto h iscaie~saedfiut
flit sTransition moment calculations are certainly needed to
use of a pulsed extraction field , and enable us to

-6 clarify the situation.
detect stable or long lived (r Z 10

6 
s) doubly charged

ions. D.C. extraction fields are used to measure PIPICO CO*.S
spectra, where we record the time-of-flight difference

between temporally correlated ion pairs ; a coincidence hv * 62.5 eV

peak appears whenever the two ions come from the same

event : M
++ * A+ + B+ + ... In this way, "fast"

(T S 10 s) dissociative double ionization is identi- U)

fied and analyzed. **5*

RESULTS 0 "s
• .: "CS' O"A typical PIPICO spectrum of OCS is presented in A. ." _','.

Fig. 1 : four dissociative decay channels of OCS
4

,

three of CS2
+ 

and one of CO2
+ 

have been identified cor-

responding either ot single bond breaking (OC+/S
+
, 0 0.5 1

0 /CS
+ 

; S+/CS
+ 

; O+/CO
+
) or to complete atomization

(0+/C+/S, O/C+/S
+ 

; S/C+/S
+
, S+/C/S+). Peak shapes in F : Photoion-Photoion coincidence spectrum of OCS

such spectra are characteristic of the kinetic energy /I/ G. DUJARDIN, S. LEACH, 0. DUTUIT, P.M. GUYON

released during the processes. Simulation of these and M. RICHARD-VIARD

coincidence peaks shows that in most cases, the avails- Chem. Phys. 8 (1984) 339
ble energy i rnfedmainly inokntcenergy of /2/ D.M. CURTIS, J.H.D. ELAND

the two departing ions, and not into internal exc;- to be published in J. Mass. Spectr. Ion. Phys.

tation of the fragments. /3/ P. LABLANQUIE, 1. NENNER, P. MILLIE, P. MORIN

Excitation spectra for the production of each of J.H.D. ELAND, M.J. HUBIN-FRANSKIN and J. DELWICHE

the dissociative channels, and of the long-lived M
++ 

have J. Chem. Phys. (in press)
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%. %., .% z %- < ,-".,""-"' . . . '. .\.,.'.' .;.>' ,""?"." '. €.,..''' '"''\.¢ . ..



32 F4

SELECTIVE RESONANT PHOTOIONIZATION PROCESSES NEAR THE Si2p EDGE IN TETRAMETHYLSILANE

P. MORIN (a,c), C.G.B. DE SOUZA (b), P. LABLANQUIE (a,c) and I. NENNER (a,c)

a)CEA, IRDI, Departement de Physico Chimie, CEN Saclay, 91191 Gif sur Yvette, France

b)Istituto de Quimica, UFRJ, Cidade Universitaria, Rio de Janeiro, RJ 21910, Brazil

c)LURE, CNRS, Bdtiment 209C, Universit6 de Paris-Sud 91405 ORSAY Cedex, France

INTRODUCTION ged photoion fragment yield has been measured in this re-

We report new measurements on tetramethyl silane, Si gion and confirms the presence of two different resonances

(CH3)4, photoexcited by synchrotron radiation, in the re- below and above threshold. Evidence of five regularly spa-

gion of the Si2p edge (95-120 eV) using angular resolved ced features are actually seen in the first, in good ac-
cord with absorption results /4/. Photoion-photoion coin-

photoelectron and photoion spectroscopy. Evidence of seve- co

cidence shows that dissociation of TMS
+ + 

proceeds through
ral resonances is made by measuring selective electronic

decay processes (autoionization and Auger) and selective many different channels. Specific ion pair yield is shown

dissociation of both singly and doubly charged residual to increase drastically at the resonance threshold (Fig.l).

ions. This is perfectly consistent with Auger processes since

this leads primarily to doubly charged molecular ions. It
EXPERIMENT also explains the "excess" of CH+ and Si (CH3 )+ ions above

We use synchrotron radiation from ACO storage ring threshold (Fig.l).

in the 95-120 eV range using a toroidal grating monochro-

mator /I/. The monochromatized photon beam is then combi-

ned with two different experimental set ups. a) photo- TOALIO-I'M , .M

electrons are energy selected by a 1270 cylindrical ana- EM

lyzer, rotable in the vertical plane /I/. We record at ,

magic angle, either photoelectron spectra (PES) at fixed ,, *--, \

wavelength or, keeping the binding energy constant versus (H); C11;

incident photon wavelength, we obtain directly correspon-

ding partial photoionization cross section. b) photoions 5(ca,c'.

are analyzed using a time of flight (TOF) mass spectro- : "

meter /2/ which is operated in two modes. s,(Ca.)* Cu ,.
:
"" .'. _

-Ionic fragments intensities are recorded using a pulsed c % 4k \ "co

voltage in the ionization chamber, which gives a time

origin for TOF measurements. - /*f,'i' C.

-Fra gments ion pairs intensities are detected by the 5 . :

photoion-photoion coincidence technique (PIPICO). A -W/ ..ca,

constant voltage is kept in the ionization chamber and a . .. ..

single detector provides the start and stop inputs of a 1110TN liz n

time to amplitude converter.
Fig.l Excitation spectra of ion fragments and selected

RESULTS ion pairs in the Si2p threshold region.

Above the Si2p threshold, existence of Auger lines

0 (from the 
2
p hole relaxation) has been established by pho- /I/ Morin, P., Adam, M.Y., Nenner, I., Delwiche, J.,

toelectron spectroscopy /3/. They show a resonant beha- Hubin-Franskin, M.J., and Lablanquie, P., Nucl. Inst.

viour, similarly to the 2p cross section, just above the and Meth. 208 (1983) 761.

threshold. Beovy 106.1 eV Auger lines desappear conti- /2/ Lablanquie, P., Nenner, I., MilliE, P., Morin, P.,

nuously, while a high background rises in the PES. At Eland, J.H.D., Hubin-Franskin, M.J., and Delwiche, J.,

S this photon energy, one of the three main valence lines J. Chem. Phys. (in press).

(binding energy of 21.7 eV) shows a resonant behaviour /3/ de Souza, G.G.B., Morin, P., Nenner, I., J. Chem. Phys.

as opposed to the other valence lines. Therefore two re- 'in press).

sonances are to be distinguished : one in the discrete, /4/ Sodhi, R.N.S., Daviel, S., Brion, C.E., and de Souza,

is shown to autoionize into TMS with an inner valence G.G.B., J. Electron. Spectros. (in press).

hole of a a1 symmetry and to produce doubly excited ions

(satellite) involving probably many valence excitations.

The other is a shape resonance lying in the Si2p conti-

nuum which decays primarily into Auger pathways which al-

so involves outer valence electron ejection. Singly char-

.--
,....

s~~~~~,4~~~~ % -~ ,, - ...



F5 33

ANGLE RESOLVED PHOTOELECTRON STUDY OF THE CONFIGURATION INTERACTION STATES OF CO2 +

P. ROY
+
*, I. NENNER , P. MORIN%

, 
P. MILLIE, D. ROY*, N.J. HUBIN-FRANSKIN AND J. DELWICHE

LURE, Bitiment 209C, Universiti de Paris-Sud, 91405 ORSAY Cedex France

+ Dept. de Physico-Chimie, Centre d'6tudes Nuclaires de Saclay, 91190 GIF SUR YVETTE France

a CRAM et Dept. de Physique, Universitg Laval, QUEBEC Canada GIK-7P4

+ Universitg de Liege, Sart Tilman, 4000 par LIEGE 1, Belgique

In the photoionization of molecules, the residual would be E symmetry lines as compared to R ones. Therefore,

ion can be left in simple ionized state, associated with we support the theories predicting this region to be domi-
one hole configuration or in an excited ionized state, mated by 2ou and 30 bands.

In a classical photoelectron spectrum (PES) they corres- Moreover the same argument, applied to ou as opposed

pond respectively to the so called "main bands" or "sa- to og orbitals of CO leads to the assignment .,f 2ou for

tellite bands". Since the main line is well described in lines 00 6, 7 and 8 and of 3ag for lines 00 9 and 10. New

the model of "independant particle" the satellite lines C.I. calculations including "three holes, one particle"

requires to considerate configuration interaction (CI) configuration are actually in progress, and will be pre-

(I) in initial and/or final state. sented at the conference.

In previous CO2 P.E.S. (2) such satellites have been (I) S.T. HANSON, J. Elect. Spectros. 9, 21 (1976)

evidenced but their attribution to a given symmetry was (2) W.DOMCKE, L.S. CEDERBAUM, J. SCHRIMER, W. VON NIESSEN,

only based on calculated positions and relative inten- C.E. BRION and K.H. TAN, Chem. Phys. 40, 171 (1979)

sities. (3) P. ROY, I. NENNER, N.Y. ADAM, J. DELWICHE, M.J. HUBIN

We present here angle resolved high resolution photo- FRANSKIN, P. LABLANQU!E and D. ROY, Chem. Phys. Lett.

electron studies of 10 satellites in C02, in the 30-55 eV 109, 6 (1984) 107

photon energy range. The evolution of the asymmetry para- (4) F.A. GRIMM, T.A. CARLSON, W.B. DRESS, P. AGRON, J.O.

meter B and the partial cross section a, as a function of THOMSON and J.W. DAVENPORT, J. Chem. Phys. 72, (1980)

photon energy is used for identifying symmetry of pre- 3041

viously observed bands and of lines reported for the (5) C.J. ALLAN, U. GELIUS, D.A. ALLISON, G. JOHANSSON, H.

first time . SIEGRBAHN and K. SIEGHBAHN, J. Electron. Spectry. 1,

Synchrotron radiation emitted by the ACe storage riag (1972) 131

crosses at a right angle an effusive jet of CO2 . The

ejected photoelectrons are detected by a 127* electros-

tatic analyzer. From the intensity ratio measured at two x .

different angles in a plane perpendicular to the light

direction, we extract 8 (3). 0.7

In figure I, we present two typical P.E.S. : the lower

one, measured at the magic angle and corrected for the 0 a

transmission function of the analyzer which gives directly e0 r
relative a and the upper one taken at e - 0* which inclu-
des angular effects. I 'gJ '

According to C.I. theories (2) two different set of 12 16 20 24 28 32 34 40

satellites can be distinguished ; those associated with BINDING ENERGY (V)

2 Fig.1 Typical PES taken at 6 - 0 and 6 mag and 45 eV pho-outer valence orbitals (mostly 2 u ) are predicted to fall ton energy. Ihe 19.4 eV line corresponds to the C

in the lowest part of the spectrum and those resulting state of CO2 . The X, A and B state lines are not re-
presented.

from a mixing with ionization of inner valence orbitals,

appear above 30 eV. On figure 2, the 6 values " ---...

for satellites 00 I to 0 10 in the 30-55 eV photon ener- -----------

gy range evidenced two groups of curves t | to 0 5 U .

have positive 8 values while 00 6 to 00 10 have essential- . /
ly negative or zero values. We have also represented on / 8 -- i
this figure, theoretical curves for three main lines

(w u , 3au and 4a ) (4). We consider 00 I, 2, 3, and 5 to

have flu symmetry because the 8 kinetic energy dependcnce - "
' 'u is almost identical to the A211 one. On the other hand,

"'N at 1253 eV photon energy (5), the overall branching ratio

th Fi ines. roton energy dependence of 13 for 10 satellite
relative to the total ionization associated with the li i.Pho

has 00 6 to 10 is much higher compared to ## 1 to 5 as

- 0 as

>4 1', -G ' PPe ' .. 1," .41,' %i+, :.,',,",''+\ <',-,' .. i.., , :.' ,..'.:-'-. ,". .i.
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KINETIC ENERGY OF FRAGMENTATION PRODUCED BY
DISSOCIATIVE PHOTOIONIZATION OF NO

J.A.R. Samson, G.C. Angel, and O.P. Rustgi

Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68588 USA

The kinetic energies of ions produced by dissocia-

tive photoionization of NO have been measured by use of '1 I
discrete resonance lines of He (534), Ne (736 and B Z 13

744A), and undispersed synchrotron radiation from the

Stoughton storage ring (the short wavelength limit was 23 eV

approximately 100A). T =O(
A 900 cylindrical electrostatic energy analyzer 22 c 3 "

was used with a resolution of about 1% to determine the 0.362+ 3

energy of the ions (viz. N , 0 , NO+). No mass analy- 21 N\P I

sis was used to identify the specific ions. However, T0+ 4S)+N( 4)

the present results appear to identify the major frag- 20 4

ments unambiguously. +

Figure 1 shows a potential energy diagram of NO

illustrating possible dissociative pathways. The
bound electronic states B1  (or 1 n and c 3( R)

are known to dissociate into N+( 3P) + O(3 P) as evi-
N+

denced by the large increase in the N+ signal at these
thresholds. This wasos e an ions rease FIGURE 1. Potential energy diagram of NO. The
by mass analysis of the fragment ions.1 No increase numbers 0.362 and 0.9 - 1.5 represent the predicted

energy in eV for N+(3P).
in the 0+ signal was observed at these thresholds.

Figure 2 shows the energy spectrum of the ions produced

by synchrotron radiation. A broad continuum lying 0,

between 0.9 and 1.5 eV correlates well with the pre-

dicted dissociation of the B'IE state (v = 0 to 13).

A lower energy group peaking at 0.36eV correlates well

with dissociation of the c 37 state. The effect of 0.361

Doppler broadening on this peak is to produce an addi-

tional energy broadening of about 250mV at half maxi- l

mum. The OeV peak represents, primarily, the NO.

parent ion. However, low energy 0+ ions were observed

when the 584A line was used. By subtracting the con-+I

tribution of the NO+ peak using data obtained by the
I I

Ne 736A line (16.85eV), which does not dissociate NO,

a weak 0 continuum is obtained ranging from 0 to about

0.5eV. This can be explained by perturbation of the

WIA and/or w3a states of NO+ by the repulsive 5E+ FIGURE 2. Energy spectrum of ions produced by
state leading to fragmentation into 0 () + N(4S )  dissociative photoionization of NO. The major peakat 0 eV is primarily NO+ .
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ANALYSIS OF PHOTOION BRANCHING RATIOS OF HF AND HCL

V.w

Toshio Masuoka and Shichiro Mitani

Research Institute for Atomic Energy, Osaka City University, Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558, Japan

A new photoion spectroscopy has been proposed to the doubly ionized ions observed in the Auger spectra
5

understand the dynamics of dissociative photoionization as well as the outer valence orbitals.6  Other possible

processes.1'2  The method depends on analyzing the origins for these peaks, in general, are 1) predissocia-

photoion branching ratios measured by mass spectrometry tion of shape resonance states with a symmetry, 2) auto-

as a function of photon energy. The photoion branching ionization of highly excited neutral states (Rydberg

ratio BR(A +) is an integrated probability of producing states), and 3) ionization to very steep portions of

the particular type of ion A+ from the electronic repulsive potential curves which would give undetectable

states concerned with the molecular ion AB and, in structure in photoelectron spectra because of its very

some cases, with AB2+ at higher energies. As can be flat and broad nature.

expected from an analogy of integral photoelectron The photoion spectroscopy mentioned above has a

spectra, a differentiation of photoion branching ratio distinct advantage over photoelectron spectroscopy in

* BR(A) with respect to the energy provides a spectrum determining which electronic state predissociates into

for A+ , which clearly indicates the dissociation chan- what ionic fragments. Further, it provides the sensi-i~~~i ~nels of AB+ or ASB2+ into A+ .  
wa oi rget.Frhr tpoie h es-..
tive method to study predissociation of highly excited

* The present work reports our analysis on HF and states of molecular ions.

HCt, of which photoion branching ratios have been

reported by Brion et al. 3'4 using the electron impact References

experiment (e, e+ion). The photoion spectra obtained 1. T. Masuoka, J. Chem. Phys. 8, 2652 (1984).

for HF and HCL are shown in the accompanying figures, 2. T. Masuoka, J. Chem. Phys. in press.
in which the data points (o) represent DRj/aE, while 3. F. Carnovale and C. E. Brion, Chem. Phys. 74. 253

(1983).

the solid curves are their fittings by the third order 4. S. Daviel, Y. lida, F. Carnovale, and C. E. Brion,
Chem. Phys. 83, 319 (1984).

B-spline function. Many peaks can be seen in the dif- 5. R. W. Shaw, Jr. and T. D. Thomas, Phys. Rev. A 11,
ferential spectra and are correlated to the known elec- 1491 (1975).
tronic states of the singly and doubly ionized HF and 6. F. Carnovale, R. Tseng, and C. E. Brion, J. Phys. B

14, 4771 (1981). see also Ref. 4.
HU . Those electronic states include the multi-electron 7. W. Von Niessen, L. S. Cederbaum, W. Domcke, and

transitions
4 which become dominant as a result of the G. H. F. Diercksen, Chem. Phys. 56, 43 (1981).

strong electron correlation and the excited states of

.. D

"PES. Exp. A MULTI-ELE:TPON BANDS. Exp ' -

MEB. Theo
II I I II .32

U.o1iA" PES, Theo. * BEr i*3( .21

'0D o0 - 2-

I(2)-I(H+F(2por .02 \
. 20 30 40 50 0520 35 40

PHOTON ENERGY (eV) PHOTON ENERGY (cV)"o.

FIg. 1. The differential spectrum of the branching Fig. 2. The differential spectrum of the branching ,ratios 8R(F ) from HF. The vertical dashed line indi- ratios BR(Ct ) from HC(. The vertical dashed line indi-* cates the first dissociation limit for H * F+. Double cates the first dissociation limit for H + CC+. The ,
ionization states (DI) are from Ref. 5. theoretical calculations for the multi-electron transi-.%

.. 01
tin ar als hon(e .2 ).t*3

-005..-..." " " . . - . - \'I- . . . ' ' - - " " . - ' - " . -

9 ~ ~ 2 3 0. 4 0'. a ' 
"
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DISSOCIATION MECHANISM OF SINGLY AND DOUBLY IONIZED CO

Toshio Masuoka

Research Institute for Atomic Energy, Osaka City University, Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558, Japan

Dissociative photoionization processes have been References 4

studied for CO in a wide energy region by mass spectro- I.T. Masuoka and J. A. R. Samson, J. Chem. Phys. 74,

metry.
1
'
2  

The ions observed in the literature are CO
+
, 1093 (1981).

S 0' C
+ C

2 and CO2
. 

The branching ratios (production 2. G. R. Wight et al., J. Phys. B 9, 675 (1976).
3. T. Masuoka, J. Chem. Phys. 8, 2652 (1984).

rates) for these ions plotted on a photon energy scale 4. T. Masuoka, J. Chem. Phys. in press.
may, in general, be analogous to an integral photo- 5. S. Krummacher et al., J. Phys. B 16, 1733 (1983).
may,6. W. E. Moddeman et al., J. Chem. Phys. 55, 2317 (1971).

electron spectrum. If the branching ratios are differ- J. A. Kelber et al., J. Chem. Phys. 75, 652 (1981).

entiated with respect to the photon energy, one can

expect to obtain peaks corresponding to dissociation

channels of singly and doubly ionized CO. In this re- .

spect, the method provides a new photoion spectrosco- 0'2.-,

3,4
py. Obviously, it is possible to know these channels FVT. ....

for each singly or doubly charged ion produced, while -

photoelectron spectroscopy does not involve this kind of tD-°1 A .

inforation.'

The differential spectra obtained for C
+
, 0

+
, and f,, ".

C are shown in Figs. 1-3. The mechanism producing L 1

these ions at the observed peaks in the spectra is dis- .1

cussed by comparing the spectra with the reported energy

states of CO
+ 

and CO such as the multi-electron bands 0 - .

(C 2X , D2 r, F,G 2 , and 2E+(3)-i ) and the double ioni- 20 30 40 5G
6 Itb-PHCTCN ENEPC-r WlV

zation states observed in the Auger spectra. I TOee

comes evident that these states play a significant role Fig. 2. The differential spectrum of the branching

in producing the observed ions. In order to infer the ratios BR(O+). The vertical dashed line indicates the

first dissociation limit for 0' + C.
,'. " energy states of the dissociation products the thermo-

chemical thresholds for the dissociative single and

double ionization are also shown in the figures.

FF~rTTTTM~r1
l ', ,10 DOUBLE ION17ATION STATES

S.03 
IS)

VULTI-sELE,-RON ANDS ×5 I I I

~ .(20)1 -- - --- --_-. - ----- -

I I-T-77T- -T-7 C2sT'_O,(pF','

r C'(2p)--O,'2pT C-2Qp-i-"O2sTf u 4
X2 F'° )F-- -1 i J i jI i I j

,,.. 2 C _..O-

2

/.00--, --.-._.
0 60 80 03 120

'FHCTON ENERGT (e i

Fig. 3. The differential spectrum of the branching
__ O 3" 40 50 60 ratios BR(C++). The vertical dashed line indicates the

PHOTCN ENIERGY (eV) first dissociation limit for C
+  

+ 0. The curve oscil-

Fdfeilates below 100 eV because of the low counting statis-

%Fig. 1. The differential spectrum of the branching tics for differentiation and may be flat as shown with
ratios BR(C 

) 
(solid curve). The vertical dashed line the horizontal dashed line. The thermochemical thresh-

indicates the first dissociation limit for C + 0. olds for the dissociative double ionization C + 0 and

Multi-electron-bands are from Ref. 5. Double ioniza- the series limits of the Rydberg states (shown below

tion states (DIS,W) including the shake-up states the curve) started from the dissociative double ioniza-

(indicated with a) are from Ref. 6. I: the results tion are also indicated.
, derived from Ref. 2.

41 0.% .. .., .
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ABSOLUTE DIPOLE OSCILLATOR STRENGTHS FOR THE VALENCE SHELL
PHOTOABSORPTION AND PHOTOIONIZATION OF H2 AND HI

C.E. Brion, Y. lida and G.K. James

Department of Chemistry, The University of British Columbia

Vancouver, B.C. V6T Y6, Canada

Dipole (e,2e) and dipole (e+ion) spectroscopies
1- 3

are used to measure the absolute dipole oscillator ', .0

strengths (cross-sections) for the photoabsorption and >+ H +

partial photoionization (electronic states) as well as H 2S . .S

the molecular and dissociative photoionization of H 2S and . V . .

-~ HI. These studies are part of a continuing programme of Z 1 00 20.0 300 40.0
. systematic measurements of absolute oscillator strengths .*,' .. S

+

for photoionization processes in total and partial

channels. The fast electron (3 or 8 keV) impact spectra*9...." .

are converted to absolute dipole oscillator strengths via o 20.0 300 400

the Bethe-Born transformation and TRK sum rule I . '*"" .....

normalization
2
. Some typical results

4 are shown for o -- 02.0 00 0 0
10.0 20.0 3. 400 10.0 20.0 30.0 40.0

H2 S in the accompanying figures. The results of the two ENERGY (eV) ENERGY (eV)

experiments may be combined to provide quantitative

assessments of the dipole breakdown pattern of these Figure 2 Oscillator Strengths for Molecular and

," molecules. The H 2S partial oscillator strengths are Dissociative PhotoLonization of H 2S

,,, compared with the calculations recently reported by

Langhoff et a1
5
.

I 0.

100== 20 30r. '2 S o0". 50,0
0.1~

- ., A , ., , ,- , ,

.4 4a

.I,
.° x0O , ,0 *.o- +. , 0- .- . 10'

0.0 1 , .- 40. e0.0o 6oo 700 400 900

R ( " - S 1 0 "" 0

.r .I •

210 .030 0 30 0 '00 50 0

E. 0 O 2,E5. 40 500 60 0 (0.0V00 00 200 30 ""0, 50 , o 200-*- 50 40 50

a Figure Photoabsorption of 2  y Figure 3 Electr.a. State r tllator Strengths
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EXPERIMENTAL P!IOTOIONTZAT'ON CROSS SECTIONS AND ANGULAR DISTRIBUTIONS
FOR THE MOLECULAR ORBITALS OF H20 IN THE 30-130 eV PHOTON ENERGY RANGE

M. S. Banna*, R. Malutzki+ and V. Schmidt
+

*Department of Chemistry, Vanderbilt University, Nashville, Tennessee 37235, U.S.A.
+Department of Physics, Freiburg University, Freiburg, West Germany

The study of photoionization in molecules using It was possible to clearly resolve vibrational bands,

variable-energy radiation is of interest not only be- especially those of the first (I ) MO. At higher

causethe dynamical aspects of molecular photoionization energies (up to -130 eV), while the resolution was

can be characterized in great detail, but also because lower it was still possible to obtain an improvement

the make-up of each molecular orbital (i.e. the extent over the spectrum reported a decade ago by Banns and

,f s and p character, for example) can be correlated Shirley,
3 
due to the absence of x-ray satellites

with the variation of the MO's partial photoelectric associated with the YM line in the latter spectrum.

cross section with photon energy. Similarly, the Asymmetry parameters and photoionization cross sections

angular distribution parameter $ is also characteristic have been obtained for all four molecular orbitals.

of the ionized orbital.
1  

Thus our work is in part an extension of the work of

The application of these ideas has already yielded Truesdale et al. 4 Comparison is made with theory and

some useful information in connection with the assign- with corresponding quantities for the other first-row

ment of bands in ultraviolet photoelectron spectra.
2  

hydrides.

In developing this approach further it is important The financial support of the Bundesminister fUr

to determine 8's and a's for small molecules of well Forschung and Technologic, the Vanderbilt University
known orbital compositions since they ate amenable to Research Council and the National Science Foundation

highly sophisticated calculations. This was the main is gratefully acknowledged.

motivatic'i behind the present study of H20. It is for

example of interest to compare the variation of a's and References

B's for these molecules with that of the isoelectronic I. V. McKoy, T. A. Carlson and R. R. Lucchese, J. Phys.

atom neon, which has bern studied extensively with Chem. 88, 3188 (1984).

synchrotron radiation. Furthermore, the accurately- 2. M. N. Piancastell, P. R. Keller, J. W. Taylor, F. A.

determined photoionization quantities (in the 30-130 eV Grimm and T. A. Carlson, J. Am. Chai. Soc. 105,
%e_ photon energy range) should serve as crucial test cases 4235 (1983).

for theor. 3. M. S. Banns and D. A. Shirley, J. Chem. Phys. 63,

Light from the storage ring BESSY, monochromatized 4759 (1975).

by a torroidal grating monochromator was used. A 4. C. M. Truesdale, S. Southworth, P. H. Kobrin, D. W.

sample spectrum typical of spectra obtained with low Lindle, G. Thornton and D. A. Shirley, J. Chem.

energy photons is shown in Figure 1. Phys. 76, 860 (1982).
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Fig. I. The photoelectron spectrum ,f water with

_ 30.3 eV photons at the quasimagic angle.
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R-MATRIX METHOO FOR MOLECULAR PHOTOIONISATION

C.J. Noble+ , J. Tennyson and P.G. Burke*

+SERC Daresbury Laboratory, Warrington, England.

*Queen's University, Belfast, N. Ireland.

The ulti-centre R-matrix method using numerically

defined continuum orbitals which we have used success- 20 R=13
fully for both elastic scattering and electronic exci- R=1.4
tation for low-energy electron impact on diatomic tar-

gets
1 ,2 

has been extended to describe photoionisation

processes. As a first application of these methods we

present results for the cross sections and asymaetry 1.5
parameters of the photoionisation of H2. We describe

the e- + H2+ system using a two-state model
3 ,
'.

An important advantage of our R-matrix method is

that the bound state wavefunction is calculated as a" ; = 1.0-
scattering problem with all channels closed. Exactly

the same basis set is used for bound and scattering

'wavefunctions and the calculations may be matched in

* accuracy. We obtain a ground state energy for H2 at

its equilibrium separation of -1. 1696 Eh correspond-

ing to about 90% of the correlation energy. 0.5-

The most significant feature of the results we

obtain is the appearance of resonances in the asymmetry

parameter for photon energies around 27 eV. Examples

of the results for the asymmetry parameter which we 0
obtain at two internuclear separations are illustrated 20 25 30 35

in figure 1. The structure, which we believe should be hv(eV)
observable experimentally in vibrationally resolved

spectra, is associated with the infinite series of Fig.l: Asylmmetry parameter 0 as a function of photon

Feshbach resonan, converging towards the excited energy for two typical H 2 geometries.
2
r+u electronic state.

We have computed vibrationally resolved observ-

ables using the adiabatic nuclei approximation and

compare our results with other authors and experiment. References
1. P.G. Burke, C.J. Noble and S. Salvini, J.Phys. B:

. In order to further study the autoionising region, At. Mol. Phys. 16, L113 (1983).
where the adiabatic nuclei approximation it clearly 2. P.G. Burke, 1. Mackey and 1. Shimamura, J.Phys. B:

At. hol. Phys. 10, 2497 (1977).
invalid, given the narrow width of the Feshbach reson- 3. J. Tennyson, C.J. Noble and S. Salvini, J.Phys. B:

At. M-1. Phys. 17, 905 (1984).
ances, we have extended the approach of Schneider et 4. 3. Tennyson andC.3. Noble, J.Phys. : At. Ml.

al $ 
to describe the coupling to the nuclear motion and Phys. I8, 155 (1985).

dissociative procese. Calcultions using these 5. B.I. Schneider, N. LeDourneuf and P.G. Burke,

p s t J.Phys B: At. r ul. PhyS. oh2, L365 (1979).
extensions to the theory are rmw underway and those

results avaLlable at the time of the Conference will be
presented as w~ll results for other systems such as CO

and 02 now undsr investigation.
V.
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GENERALIZED MULTICHANNEL QUANTUM DEFECT TREATMENT OF 2-2

RYDBERG-VALENCE STATE INTERACTIONS IN NO.

M. RAOULT

Laboratoire de Photophysique Mol~culaire du CNRS*
Bitiment 213 - Universitg de Paris-Sud, 9)405 ORSAY CEDEX France.

The absorption spectrum of nitric oxide furnishes ionization measurements of Anezaki et al 9 and the third

the classic example of Rydberg-valence state interactions harmonic generation measurements of Chupka et al 10 than

in a diatomic molecule. These interactions appear as the previous calculations 5. The 5pn, v-4 level is an

strong vibronic perturbations in the spectrum. Miescher exception : the width calculated here is one order of

and coworkers 1,2,3 have described many of these pertur- magnitude larger than either that observed or that cal-

bations and analyzed them in great detail. Based on the- culated in Ref. 5. This discrepancy is not yet unders-

se high-resolution spectroscopic studies Gallusser and tood.

I, Dressler 4 have recently performed vibronic perturbation

calculations which have yielded a quantitative represen- TABLE I

tation of the experimental vibronic level positions, ro- Wier (cm') Width r cm-1

tational structure and band intensities, in terms of Level Obs. Cale. Obs. Calc.

"deperturbed" potential energy curves, dipole transition 6pn, v-I 73096.0 (c) 73100.5 -6 (c) 5.5 (15)

moments and Rydberg-valence state interaction energies. 9p", v-0 73108.0 (c) 73113.0 very diffuse
( c

) 6.9 (5.5)
*"5p7r, v-2 73313.0 (c) 73320.5 8 (c) 2.0 (12)

The present work is an attempt to interpret the Ryd- 7pt -1i 74268.0 (c) 74270.5 - 2 (c) 9.0 (12)

berg-valence state interactions from a different point spit, v- 74987.9 (a) 74987.5 3.9 (a) 5.2 (7)

of view, namely that of scattering theory. This point of 6pir, v-2 75400.0 (c) 75406.6 very diffuse(C) 5.2 (2.9)
5 9pir, v- 75463.9 (a) 75460.2 3.0 (a) 2.1 (5.4)

view has already been used by Ciusti-Suzor and Jungen 5pn, "-3 75620.0 (c) 75610.0 io.o<r<30.0 (c) 25.0 (27)

in a recent theoretical study of the competition between lOps, v-1 75790.7 (a) 75786.5 2.7 (a) 2.4 (1.1)

preionization and predissociation in the 2 Rydberg sta- 7p5, v-2 76600.0 (c) 76593.5 - 0.2 (2.1)

tes of NO above the ionization threshold. Their work was 8pw, v-2 77290.0 (c) 77295.0 4.0 <r<8.0 (b) 3.4 (1.7)

however limited to the continuum, i.e. to the region 6pw, v-2 77690.0 (c) 77692.5 4.0 (b) 9.1 (12.7)

9piT, v-2 77752.0 (c) 77769.4 3.0 <F<6.0 (b) 5.0 (1.7)
ab v 5p~t. v-4 77850.0 (c) 77846.5 3.0 (b) 42.0 (1.5)
the present work the treatment is extended into the dis- (78 - 2.4 (0.9)d IlOpiT, v-2 78090.0 () 78096.6-2. (09

cret region, using the recent generalization of quantum 7p5, v-3 78850.0 (c) 78859.0 very diffuse(c) 4.0 (7)

• defect theory due to Greene, Rau and Fano . In addition (a) From Ref. 9, (b) from Ref. (10), (c) from Ref. 11. In parenthesis

the reactance matrix is now computed using Lippman-Sch- the theoretical values of Ref. 5.

winger equation to second order. This extension allows

the study of all spectral ranges with a single unified References

treatment. I. A. Lagerqvist and E. Miescher, Helv. Phys. Acts, 31,
221 (1958) ; Can. J. Phys. 44, 1525 (1966)

All of the parameters which are required to calculate 2. K. Dressler and E. Miescher, Astrophys. J., 141
1266 (1965)

the reactance matrix are determined by a least squares 3. K. DressIer and E. Miescher, J. Chem. Phys., 75,
fitting procedure from the observed 1,2,3,7,8 2111/2 vi- 4310 (1981)
bronic levelS. The term values of all observed 2 1 Ryd- 4. R. Gallusser and K. Dressler, J. Chem. Phys., 76,

, roicleel. hetem alesofal oseve f 1/2 Ry-4311 (1982)

45500 cm up to the dissociation limit 71658 cm986 (1984
d1 6. C.H. Greene, A.R.P. Rau and U. Fano, Phys. Rev.,

thus reproduced with a mean deviation of 5 cm
"
. Without A26, 2441 (1982) ; see also F.H. Mies, J. Chem.Phys., 80, 2514 (1984)

any further adjustment of the reactance matrix the spec- 7. T. Ebata, N. Mikami and M. Ito, J. Chem. Phys., 78,

tral range above the dissociation limit and below or 1132 (1982)
S. W.Y. Cheung, W.A. Chupka, S.D. Colson and D. Gauyacq

above the first ionization tIreshold has been studied. (to be published).

In this range the Rydberg le,els are subject to predis- 9. Y. Anezaki, T. Ebata, N. Mikami and M. Ito, Chem.
Phys., 89, 103 (1984)

sociation or predissociation as well as preionization. 10. W.A. Chupka (private communication)

Correspondingly the spectral lines in the photoabsorp- II. E. Miescher and F. Alberti, J. Chem. Phys. Ref.

tion or photoionization spectra are broadened. Table I data, 5, 302 (1976).

lists the observed and calculated (ref. 5 and present

work) widths of some Rydberg levels. The present results a Laboratoire associ4 A l'Universit6 de Paris-Sud.

are in better agreement with the recent multiphoton

U :. e" ";" ' '' : v ,:-. --. ..'... , ,,.-. ,,..% .,•., t',,-. ,--;< -, .- .,. .-..- r_-:, , --, -.---,-, -----, .,..,



M3 41

SPIN-ORBIT AUTOIONIZATION AND COOPER MINIMUM IN THE HYDROGEN HALIDES

H. Lefebvre-Brion, A. Giusti-Suzor and C. Raseev

Laboratoire de Photophysique Mol~culaire,
BAt. 213, Universitd de Paris-Sud, 91405 Orsay France

A theoretical study of the spin-orbit autoionization

in molecules with 
2
f-state ion cores has been made

recently , using the multichannel quantum defect theory

with ab-initio molecular quantities. Application to the

study of the HI photoionization spectrum has stressed

the importance of the i-mixing, especially for the

100 channels. A similar study is presented for the case

of the HBr molecule. The vibrational interval being

here nearly equal to the spin-orbit splitting, some

autoionized peaks with v
+ 

= I can be identified in the

2
experimental spectrum . Their appearance is explained

by a vibrational type autoionization due to the varia-

tion of the spin-orbit coupling constant with the

internuclear distance.

* The region of the Cooper minimum is studied for

the case of HI. The photoionization cross-section and

the asymmetry parameter 0 are calculated between the

, ~ first ionization threshold and 80 eV. An overall agree-
V. 3

ment is obtained with the corresponding measurements,

but no Cooper minimum is found in the total cross-section

while 3 presents a minimum around 55 eV. Both experi-

mental quantities go through a minimum near 45 eV. Work

is in progress to include the electronic coupling with

the continuum of the states corresponding to the 4d

hole, probably responsible for the present disagreement

with the experimental results. Theoretical predictions

will be made in this energy region for the spin polari-

zation parameters of the photoelectron.

Reference

1.1H. Lefebvre-Brion, A. Ciusti-Suzor and G. Raseev,

J. Chem. Phys., in press.

2.P.M. Dehmer and W.A. Chupka, Argonne National Labo-

ratory, 1978, Report ANL-78-65

3.T.A. Carlson, A. Fahlman, M.O. Krause, P.R. Keller,

J.W. Taylor, T. Whitley and F.A. Grimm , J. Chem.

Phys. 80, 3521 (1984).
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,HEORETICAL VIBRATIONAL RESOLVED PARTIAL PHOTOIONIZATION CROSS SECTIONS OF CO.

THE AUTOIONIZATION REGION BETWEEN 16.9 AND 19.0 eV.

B. Leyh(a
'
c) and G. Raseev(a

'
b)

aInstitut de Chimie, Universit6 de Liege, BAt. 6, Sart-Tilman,

4000 Liege 1, Belgium
bLaboratoire de Photophysique Mol~culaire du CNRS, BAt. 213,

Universit6 Paris-Sud, 91405 Orsay, France
' CAspirant du Fonds National Beige de la Recherche Scientifique.

We present a full ab-initio calculations of partial (iii) the vibrationally resolved partial photoionization

photoionization cross sections of CO including the cross sections of X2E
+ 

v=O-3 are compared with the

electronic autoionization. We have focused ourselves experimental results of Leyl et al. . The vibrational

J on the region of the Rydberg states converging to CO
+  

selectivity is analysed and helps clarifying the diffe-

B2Z
+ 

state and perturbed by the high Rydberg conver- rent assignments..

ging to the A
2
7 state.

These calculations have been performed in the References

framework of the Two-Step Multichannel Quantum Defect I. A. Giusti-Suzor and H. Lefebvre-Brion, Chem. Phys.

Theory ("QDT) of Giusti-Suzor and Lefebvre-Brion . In Lett. 76, 132 (1980).

2. G. Raseev, H. Le Rouzo and H. Lefebvre-Brion,
this theory we use the concept of channel defined by J. Chem. Phys. 72, 5701 (1980).

a selection of quantum numbers and covering a broad 3. E. Lindholm, Arkiv fbr Fysik 40, 103 (1969).

M. Ogawa and J. Ogawa, J. Mol. Spectr. 41, 393
* energy ranqe (negative or positive) instead of states (1972).

which in the discrete region are associated with a J.H. Fock, P. Grtler and E.E. Koch, Chem. Phys.
47, 87 (1980).

fixed energy. The first step consists in solving the T. Betts and NcKoy, J. Chem. Phys. 54, 113 (1971).

Schtidin ger's equation for the electronic motion in 4. A. Giusti-Suzor and H. Lefebvre-Brion, Phys. Rev.

A30, 3057 (1984).
the frozen ionic core static exchange approximation 5. -7-'Leyh, M.J. Hubin-Franskin, J. Delviche, I. Nenner

using the method of Raseev et al. . In the second step, and P. Roy, to be published.

the interchannel interactions (involving the main

channels corresponding to the X, A and B ionic states)

are calculated. The nuclear motion is taken into account

\,). within the Franck-Condon approximation. The resulting

ab-initio quantities are introduced in a MQDT calcu-

lation. The resonance structure appears as a conse-

quence of different asymptotic conditions enforced for

open and closed channels. This treatment leads to

vibrationally resolved partial and differential cross

sections.

The main results can be summarized as follows

(0) the comparison of experimental and theoretical

= quantum defects, intensities and widths leads to new

assignments of the Rydberg series associated with the

CO
+ 

B2E
+ 

state : sharp ("p"i), diffuse ("p"o), III

("s-d" /"d"7T) and IV ("s+d"o). These assignments were,
3

in fact, a point of controversy in the literature3

KA r (ii) the region between 17.0 and 17.4 eV has been

analyzed in greater detail. The B2E+ (3p) and

(3po) structures appear as complex resonance owing

to the presence of high n Rydberg states converging to

CO
+ 

A'1 v-4

E 0%
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PHOTOIONIZATION OF C2

N. T. Padial,* B. I. Schneider,* and L. A. Collins+

*University of New Mexico, Albuquerque, New Mexico 87131 USA
+Los Alamos National Laboratory, Los Alamos, New Mexico 18754 USA

The carbon molecule C2 is found in a variety of

astrophysical environments including comets and circum-

stellar clouds. Phototonization of C2 is an important

mechanism in determining the physical properties of

these objects. We report photoionization cross sections

C2 out of the X'Tg ground state from the 2a., 
2ag,

and ITTP orbitals. The calculations were performed at

the frozen-core Hartree-Fock level using standard molecu-

lar structure programs to generate the bound state func-

tions and our linear algebraic code' to construct the

continuum orbitals. We shall also discuss photoioniza-

tion of the low-lying triplet state as well as other

molecules of astrophysical interest.

Reference

1. B. I. Schneider and L. A. Collins, Phys. Rev. A
24, 1264 (1981); ibid, 29, 1695 (1984).
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MOLECULAR PHOTOIONIZATION CROSS SECTIONS BY THE COMPLEX BASIS FUNCTION METHOD

A, C. W. McCurdy, C-H Yu, and R. M. Pitzer

Oepartment of Chemistry, Ohio State University, Columbus, Ohio 43210

V. The photoionization cross section can be expressed 5- _ .... _ . . ,
as a particular matrix element of the resolvent of the

molecular electronic Hamiltonian.

o( = -w lim Im<,f0jv(E 0 + w - H + ic)-i UI't >4
£40

. Where T( is the ground state electronic wave function,

v is the dipole operator, w is the frequency, c is the
speed of light, and atomic units are employed. We have

shown recently that by using a mixture of real and

complex Gaussian basis functions to form a matrix

representation of the Hamiltonian it is possible to use 0 2

this expression to compute molecular photoionization

cross sections from the results of a matrix diagonal-

ization.1  The working expression of this approach has

* the form

N(f,ei )(0i J)

lim (f,(E - H + ic) f) Ni=I E 1 Ez 0
where f = pjYO, and the functions, ti, and associated 0 0.25 0.5 0.75 1.0

eigenvalues, E, are from a finite basis diagonaliza-

tion of the Hamiltonian. This procedure is based on a Figure 1. Total cross section for K-shell
* variational principle for the matrix element from which photolonization of N2. Solid lines are results of

the photolonization cross section is calculated,present calculations in several basis sets. * Is
can be applied in the presence of coupling between Schwnger variational result andols from moment theory,

Ionization channels. The interference between both quoted from reference 2

resonance features and the electron-ion scattering
background is naturally incorporated by this method, A discussion of the variational behavior of the

and it is easily implemented for polyatomic systems, amplitude is given, and it is shown that the

Results are reported for K-shell and valence shell variational nature of these calculations provides a
ionization of N2  at the static-exchange level, useful computational diagnostic.

Excellent agreement with most other calculations is
obtained, especially those which explicitly compute the Reference

the electron-ion 1. T. N. Rescigno and C. W. McCurdy, Phys. Rev. A 31,
photoionization cross section from 624 (1985).-io-L'- 624 (1985).
scattering wavefunction. The complex basis function

technique is particularly successful in reproducing 2. D. L. Lynch and V. McKoy, Phys. Rev. A 30, 1561
(1984).

resonance features in these cross sections, as shown

-below.

%k-
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THEORETICAL STUDY OF ANGULAR DISTRIBUTION OF PHOTOELECTRONS IN H2 MOLECULE
I -I

(1 ,2)()G. Ra~eev and M. Raoult
l)

(
1
)Laboratoire de Photophysique Molculaire, Universitg Paris-Sud

91405 Orsay, France
(2)Dpartement de Chimie, Universit6 de Lioge, B-4000 Sart-Tilman

Liage 1, Belgique.

The photoionization of H2 has been extensively stu- The theoretical minimum is less pronounced than the

died experimentally and theoretically. One of the inte- experimental one.

resting regions is near 27 eV where an electronic auto-

ionization is expected. Traces of this resonance have Reference

been seen only by Marr et al.
I 
and Southworth et al.

2  
1.G.V. Marr, R.M. Holmes and K. Codling, J. Phys.

where vibrationally unresolved angular distribution of B13, 2d2 (1980)

electrons have been measured. Recent theoretical calcu- 2. S. Southworth, W.D. Brewer, C.l. Truesdale,

el n hP.H. Kobrin, D.W. Lindle and D.A. Shirley,
lations by one of us Raseev

3
'
4 

yielded the quantum J. Electron. Spectr. 26, 43 (1982).
defects, photoionization cross section and angular dis- 3. H. Le Rouzo and G. Ra eev, Phys. Rev. A29,1214 (1984).

tribution of electrons of this region. However for the 4. G. Rafeev, J. Phys. B, 18 , 423 (1985) (4
+H 5. H. Takagi and H. Nakamura, Phys. Rev. A27,

e+H 2  collision the variation of the quantum defect 691 (1983).

in the autoionization region has been also obtained by 6. L.A. Collins and B.I. Schneider, Phys. Rev.
Schneider

6 
and A27, 101 (1983).

Nakamura, Collins and 7. 3.-Tennyson and C.J. Noble, J. Phys. B,

Tennyson and Noble
7
. 18, 155 (1985).

Three resonances are calculated near 27 eV corres-

ponding, respectively, to quasi-bound states of
2
pOu

2
SOg , 2pou3sog and 2pou3dTg main configuration.

The first two are preionized by the IsOgcpou continuum

whereas the last one autoionize in the Isa gepnu conti-

nuum. Therefore enhancements have to be seen in the

angular distribution of electrons or in the photoioni-

zation cross section.

Here we present the vibrationally resolved angular

distribution of electrons in the spectral range of

autoionizing resonances using an ab-initlo method where

the correlation between the motion of electrons is
4.

introduced in the initial and final states. For the

fixed R centroid internuclear distance R 1.7 a.u. the

2pOu2SO resonance appears around 26 eV giving rise to

a sharp energy variation of the angular distribution.

This is in disagreement with experimental vibrationally

unresolved measurements
1
,
2 

which present a different

behaviour. As in the case of shape resonance, the
vibrational motion of the nuclei averages the resonant

electronic effects which in the case of H2 depend .

strongly on the internuclear distance. When accounting

for the nuclear motion, we obtain the angular distri-

bution for each vibrational state of the ion. There are

no experimental results to compare with these theoreti-

cal results. The vibrationally unresolved result,

obtained by simple sommation over the vibrational levels,

presents as experiment a minimum around 27 eV.

,%- ..
9~ ~~~ % % % ,~v.4~X>Z .~.Y:K
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THE ROTATIONALLY AND VIBRATIONALLY RESOLVED
PHOTOIONIZATION OF H2 BY 736A LINE

S. tiara

Institute of Physics, University of Tsukuba, Ibaraki 305, Japan.

3.4 6,7
Intensity distribution of the photoelectron for experimental data 

, 
other theoretical

6
' and experi-

the rotationally and vibrationally resolved molecular mental
8
.
9 

results are also tabulated.

photoionization process is given by The present results and those of Raoult et al
7

agree with the experiments
3
'
4 

in a02/a00. The present

lI"j(e) = oj,,,/4T [1 + BJ,,J, P2 (cosO)] results with the p and f waves give large values of

B 02 because of the interference of the p and f waves,

where ,and Bj,,j, are the cross section and the and are in good agreement with the experimental results
3

asymmetry parameter for the transition from the of Ruf et al . The vibrationally resolved asymmetry

(v" = 0,J") state to the (v',J') state, parameters 1v, do not depend very much on a02 since

The vibrationally resolved cross section av, and the ratios a02/000 are rather small in the present

the asymmetry parameter 
8
v, are reduced to

1  
process.

av, = E a0j Table 1. Cross sections and asymmetry parameters.

r, = [2.0 + E " O [1.0 00 E 1a 0]. 8I /a BB
- 0 .

oj a 00 .00 v 02/000 802

The measurement of the ratio 0 (a) 0.086 0.2 1.858

(b) 0.0850 0.2 1.859

(c) 0.0872 0.643 1.691

R(0) = 10)
8  

/ 00 = (a /a (d) 0.093(2) 0.62(11) 1.882( 9)

O j / 1()o) (e) 0.091(3) 0.09(13) 1.841(12)

(f) 1.67 ( 6)

(1 + 
8
0j P2 (coso)]/[l + 2.0 P2 (cos)] 

(g) 0.2118 0.348 1.711

1 (a) 0.0705 0.2 1.881

at 6 = 54.7* determines o/ 0. Therefore, an inde- (b) 0.0673 0.2 1.887
0j 00* (c) 0.0688 0.598 1.910

pendent measurement of R.(6) at another angle gives (d) 0.076(1) 0.52( 9) 1.896( 3)
i (g) 0.1669 0.330 1.761

aOj and thus v'. The ratios aoj/aO0 are obtained for (h) 0.83(48) 1.93 ( 3)
N2 for j = 2 and 4 by the deconvolution technique .

When the cross sections for AJ = J' - J"1 > 4 areh (a); ref (7), p wave. (b); present, p wave.

negligible, 002/000 and 802 are the two essential param- (c); present, p and f waves. (d); ref (3).
eters for 

8
v,( It was shown that for the photoioniza- e); ref (4). (f); ref (9).

3 (g); ref (6), p and f waves. (h); ref (3) and (8).
tion of H2, the cross sections for AJ > 4 are small

3,

2' References
and that the measurements of the intensity ratio of the
S and Q rotational branches at two angles 3'4 determine 1. S. Hara and S. Ogata, J. Phys. B, 18, L59 (1985).

these two parameters and 8v,
.  2. Y. Morioka et al., J. Phys. B, 18, accepted for

We have calculated the cross sections a00 , 002 and publication.
We horve calculted5o the rotoonse ations c 00 0 2 ad 3. M. W. Ruf et al., J. Phys. B, 16, 1549 (1983).

102for v' from 0to 5 for the photoionization of H 2 by
1  

+ e state is 4. J. E. Pollard et al., Chem. Phys. Lett., 88,
584A* line

1 . 
Calculation for the final H 4+4 e1tateis.

carried out, in the two centre spheroidal coordinates, 434 (1980).

in the static exchange approximation with the adiabatic S. S. Hara, submitted for publication.

polarization potential added. Agreement between the 6. Y. Itikawa, Chem. Phys.. 37, 401 (1979)."7. M. Raoult et al., J. Chim, Phys., 77, 599 (1980). !

*' "- calculated results with the values ceduced from the 7 P - 5 1

e r n dt8. A. Niehaus and M. W. Ruf, Chem. Phys., Lett.,,¢[-.experimental data
3 ' 

is very satisfactory.

Here we present the results fo7 the photoionization 11, 55 (1971).

of H2 by 736A line
5
. Table 1 gives the present calcu- 9. E. D. Poliakoff et al., Chem. Phys.Lett.,

lation with the p wave and with the p and f waves of 96, 52 (1983).

the ejected photoelectron. The results derived from
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PHOTOIONIZATION OF H2 : A FIRST PRINCIPLE STUDY

N Chandra*

Department of Physics, Punjabi University, Patiala 147002, India

Photoionization of H2 has been studied
I 

in detail. TABLE I

Angular distribution of photoelectrons for rotationally Initial Length/ Final 6 1 /1%
resolved states of H has been calculated from ab-initio State velocity State Q I
methods. The present calculation takes properly into wf wf 

account the important Coulomb phase factors which are Huzinaga length p wave 1.9678 0.2000 2.6023

containedI in the expression for molecular photoelectrons p-f

but had been neglected in an earlier report
2  

coupled 1.9680 0.4954 3.2991

results which will be presented at the Conference, velocity p wave 1.9712 0.2000 2.3278p-f

clearly establish the importance of including partial coupled 1.9686 0I3470 2.8551
waves higher than 9. = I in the continuum orbital of even Joy nd length p wave 1.9729 0.2000 2.1824
low-energy photoelectrons and thus a long standing Parr p-f

controversy has been resolved
3
'
4
. It has also been found

1  
coupled 1.9716 0.4075 2.7143

4
that the neglect

4 
of exchange and polarization in the velocity p wave 1.9726 0.2000 2.2065

final state wave function gives rise to unphysical p-f

behaviour of photoionization observables. Further, the coupled 1.9690 0.2746 2.6604

Hagstrom length p wave 1.9728 0.2000 2.1885
results obtained in dipole-length length approximation are and

consistently better than those of velocity approximation. Shull
5  

p-f1coupled 1.9636 -0.0338 2.4552

Also, the simple wave function of Huzinaga
5 

for the ground velocity p wave 1.9729 0.2000 2.1848+

Ig electronic state of H2 gives more satisfactory results p-f

• 5
than the other two more sophisticated wave functions , coupled 1.9658 0.0712 2.5016
while the final state wave function, obtained from Dill , p wave 1.89(05) 0.2000 10.0

polarized orbcal method 
6 
.is kept the same. A sample of Chang

3
, p wave 1.95(01) 0.45(87) 4.1(6)

our new results
I 
for 8Q, 8S , and the intensity ratio Itikawa

4 
p wave 1.8990 0.2047 8.2729

I /IZ at 900 for 1.10 ev photoelectrons corresponding to Itikawa 
4
, p-f coupled 1.9045 0.3297 8.7026

S Q 3Ne(Ar 736X) photons, convoluted, using the method of Raoult et al , p wave 1.954 0.2000 3.5

Chang
3
, over the experimental set up of Niehaus and Ruf

3 .  
Niehaus and Ruf

3  
1.95(01) 0 .8 3 (4 8 )t 4 .0 (3 )*

is given in the Table 1. Ruf et al
3  

1.922* 0.47(14) 3.89(8)

t Reanalysed by Ruf et al .

# Theoretical value used by Ruf et al in their calculation
of Bs .

References

* Present address: Department of Applied Mathematics &

Theoretical Physics, The Queen's University, Belfast, UK.

1. N Chandra, to be published

2. N Chandra, Proc. 10th Int. Conf. Phys. Elect. At.

Collisions. (Paris: Commisariat a l'Energetice

Atomique) Abs. 1210(1977)

3. D Dill, Phys. Rev. A 6 160(1972); E S Chang, J. Phys. B.

11 L69(1978); M Raoult et al, J. Chem. Phys. 77 599(1980) _.

B Ritchie, Chem. Phys. Lett. 92 667(1982); A Niuhaus

and M W Ruf et al J. Phys. B. 16 1549(1983)

4. Y [tikawa, Chem. Phys. 37 401(1979)

5. S Huzinaga, Progr. Theor. Phys. 17 162(1957); H W Joy

,0' and R G Parr, J. Chem. Phys. 28 448(1958); S Hagstroin
and H Shull, ibid 30 1314(1959)

6. A Temkin and K V Vasuada, Phys. Rev. 160 109(1967);
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MODIFIED PHOTODETACHHENT THRESHOLD BEHAVIOR NEAR RESONANCES

Y. K. Rae and J. R. Peterson

Molecular Physics Department, SRI International, Menlo Park, CA 94025 USA

Rapid deviations from the Wigner threshold law below threshold, and

have been observed when resonant states are near.
1
'
2

Stimulated by our observation of these effects in He o Oo[I - Bk/(k
2 
+ 02)] (3b)

, and Li- photodetachment
3
'
4 

we have now derived modified above threshold. A and B and are constants, 02/2

threshold laws that account for single resonances of~locates the energy of the virtual state, and ic - ik.

all three types: Feshbach, shape, and virtual state. The fit of Eqs. (3) to our LI- data is shown in Fig 3.

The effects of shape and Feshbach resonances were

analyzed for single opening channels. If long-range This work was supported by AFOSR Contract

interactions in the product complex are negligible, the F49620-82-K-0030 and NSF Grants PHY81-11912 and

cross section of an opening channel near its threshold 84-10980.

may be written as References

1. P. Frey, M. Lawen, F. Brayer, H. Klar, and H.

al - k21+l/ifi(k)12  (1) Hotop, Z. Phys. A 304, 155 (1982).
, 2. R. D. Mead, P. A. Schultz, W. C. Lineberger,

waaunpublished.where k, Z, and fl(k) are the linear and angular momen- 3. J. R. Peterson, Y. K. Bae and D. L. Ruestis,
tum, and the Jost function for the outgoing electron, submitted to Phys. Rev. Lett. (1985).

respectively. If no resonance is near, ft(k) is nearly 4. Y. K. Bae and J. R. Peterson, submitted to Phys.

constant and Eq. (1) assumes the Wigner form of the Rev. Lett. (1985).
nee5. D. L. Moores and D. W. Norcross, Phys. Rev. A 10,
numerator. However, if a resonance is near, f1(k) 1646.

depends strongly on k. Using a Taylor expansion of 6. R. K. Nesbet, J. Phys. B 13, L193 (1980).

fl(k) near k -O0we transform Eq. (1) into 5

ox ( 2_ 2)2 k41+2 (2)
1 4

for - 0 and 1 cases, where k, and y are related to

the position and width of the resonance. He + hv

Shape resonance. Our He data near the He 23 P 6 3

threshold
3  

deviated from the k
3 

Wigner law within T
4 meV. However, Eq. (2) fits not only the threshold t

region near the presence of the 
4
pe shape resonance

(Fig. 1), but it fits the entire resonance as well. .

Feshbach resonance. Partial cross sections for 1

the opening np 2P + es channel in Rb- photodetachment "
by Frey et al.,l and in Cs- by Head et al.,2 deviated

from the Wigner law within the experimental resolution 1.220 1.222 1.224 1.226 1.228 1.230

30 peV due to Feshbach resonances below the three- PHOTON ENERGY V)

holds. Fig. 2 shows that their data can be fit accu-

rately by Eq. (2) with 1 = 0. -. 0

Virtual state. Li does not have a Feshbach ,

resonance below the 2p 
2
P + Es threshold, but Moores

and Norcross
5 

found that their ab initio calculations Li

of Li photodetachment cross sections deviated from the ,, .-

Wigner "cusp" behavior within 30 ieV. We found similar o 05LU L4 SM 10 50

behavior in our measurements.
4  

Using the multichannel

scattering theory of by Nesbet,
6 

we have derived the FIGURE 2 FIGURE 3 .

modified cusp formulae for total photodetachment cross FIGURES: Dashed lines: Wigner threshold law.
sections to include virtual state effects:

A~~c/(Soli lines: .i :I Modified threshold form.

a - 0,11 - /(c + 0)] (3a) .

1Z • 7, ,I , , ' '- . " ' . • , ~ " '. " ,, ,, ", . " ., ". " ". . % " " . . . ". . "., . . . .,,.,+ ' ,", ' ,',.' , ? ,, + ,' 'w " ," . " ," ," ,' "" . , . " + . . ' . " . , ' .% % ,, .,,, Y- . - . - ,'., .. - ., . ,. ,, .. - . , + . . . -"-, , ,- , . - ,-
lott R W'+. , .,' . ," W , ,". e ,
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DETAILS OF THE He- 4
pe SHAPE RESONANCE AND THE He 23 S ELECTRON AFFINITY

J. R. Peterson, Y. K. Bae, M. J. Coggiola, and D. L. Huestis

p\

Molecular Physics Department, SRI International, Mtenlo Park, CA USA

New measurements of the (1s2p 2p
2 

4pe) He- photo- peak. The fit from Eq. 1 is shown in Figure 1. The
detachment shape resonance, with a coaxial laser-ions resonance parameters in both equations were first

beam arrangement and improved dye laser operation, have established by fitting all data within 170 meV of thres-
greatly reduced the uncertainties in the earlier data

1  
hold Eo .  Eq. (1) gave Eo + k1

2
/2 = 1234.3 meV, and

and have reached the difficult long wavelengths near Eq. (2) gave Eo + kR 2/2 - 1232.9 meV and r - 7.4 meV,

1020 nm, below the He(2
3
P) + e(ep) channel threshold. where Eo  is the threshold energy. These values of

They provide unusual detail regarding the form of an Eo + k12/2 and Eo + kR /2 are close to, but lie on either

electronic shape resonance. side of the apparent peak value 1233.6 meV. Next, these

An analysis of the threshold region has led to a new parameters were held fixed, to find Eo using only data

parametric formulation of threshold behavior for opening within 10 meV of E.. These threshold fits gave:

channels that bear p-wave shape resonances. Two approx- Eo  - 1222.0 t 0.8 and 1222.1 ± 1.0 meV, yielding

imate threshold forms were actually derived and we found EA(He2
3
S) 77.5 ± 0.8 meV from Eq. (1), and 77.6 ± 1.0 meV".t h e s o d f r m e e a c u l y d e ie.nd w o n f ro m Eq . (2 ) . Th e s e re s u l t s a re in e x c e l le n t ag re e m e n t

that they both can be used quite successfully to fit not fa

only the threshold region but the resonance as well, with the theoretical result of 77.51 ± 0.04 meV by Bunge

yielding resonance parameters. One version, derived from and Bunge.
3

* resonance scattering theory is

k
3  This work was supported by AFOSR Contract F149620-82-K-0030

" 2 2 2 6 (1) and NSF Grants PHY81-11912 and 84-,0980..w .(k2- k 12)2

( kReferences

where k and X are the linear and angular momenta of the 1. J. R. Peterson, M. J. Coggiola, and Y. K. Bee,
o i e n a a o t oPhys. Rev. Lett. 50, 664 (1983)... outgoing electron, and kj, and y are constants. For 2. J. R. Peterson, Y. K. Bae, and D. L. Huestis,
small k, Eq. 1 can be transformed into submitted to Phys. Rev. Lett. (1985).

k
3  

3. J. P. Connerade, J. Phys. B. 17, L165 (1984).
0 2)2 (2) 4. A. V. Bunge and C. F. Bunge, Phys. Rev. A 30, 2179

(k)2 2 2 (1984).

where, kR/ 2  and r/2 are give the real and imaginary 8
parts of the resonance (S-matrix pole) in the complex

energy plane. Eq. (2) is a product of the Wigner thres- 7

hold law and the Breit - Wigner resonance formula.

Connerade has obtained successful fits to I - 3
E

- photoionization shape resonances from the scattering

phase shifts of a square-well potential. a

Experimentally, He- ions were formed from a 2-key Z

He+ beam by two-step electron capture in Cs vapor. The 4

+, 0, and - charge components were separated by an elec- cn

trostatic quadrupole deflector QI. The He- ions were
then merged with the laser beam over a 10 cm field-free

* 02~
interaction region before the He beam was deflected into 2 3p

a collector by a second quadrupole Q2. The neutrals

S formed along the interaction region from either auto - or

photo-detachment passed Q2 undeflected and were
0

counted. The laser optics and the dye (1E 140) was the 1.21 1.24 1.27 1.30 1.33 1.36 1.39

same as before, ! 
but the dye performance was improved by PHOTON ENERGY (eV)

doubling the concentration of dimethylsulfoxide
solvent. FICURE 1: He ebotodetaclment cross sections mear the

lk- 'e shape resonance. Solid line is a
The fitted curves from Eqs. (1) and (2) were vie- least-squares fit to Eq. 1.

ually the sae over the threshold region and central

. , '~~~~~~. .. ......-... --...- ,- .,.----..-..-.... .. ,--.- ....... ..... "-.,. ~ -' '. . S. - -, -.-• ,,,.. -- -.. ,~~..-* ...... r. .................-- , ,- . -:. , ." q" .. ," ,," '," ,, '," r .." ." . .' .' . . - ." ., . . . - . ,. , . . .. .% - • - .- . ,,. "%,



50 F13

THE RESPONSE OF THE 'P' DIP IN THE H CONTINUUM
NEAR n=3 TO LARGE ELECTRIC FIELDS

Stanley Cohen*4 G. Comtet
+,* .J. Harvey**,

K.B. Butterfield , D.A. Clark , J.B. Donahue ,
P.A.M. Gram

++
, D.W. MacArthur+, J.E. Stewart**,

W.W. Smith***, H.C. Bryant**

*Drexel University, Philadelphia, PA 19104 USA

+Universite Paris-Sud, 91400 Orsay, France
*The University of New Mexico, Albuquerque, NM 87131 USA

++Los Alamos National Laboratory, Los Alamos, NM 87545 USA
***The University of Connecticut, Storrs, CT 06268 USA

The resonances in the one-electron continuum of If igures I and 2 show

are built on the excited states of I'. The 'P* contin- some of our preliminary

uum of H has been studied extensively with good reso- results. Fig. ! shows

lution using the method of photodetachment from a rela- the n=3 dip for the "N

tivistic beam1 , taking advantage of the very large laser firings in which

Doppler shifts available when the velocity of the ions there wsas no applied 12.691 eV

approaches c. The Feshbach and shape resonances lying fivid and Fig. 2 shows

near n=2 have been studied thoroughly, not only in the the alternate firings Figur 1. Regon of n 3 Dip .nder
no field.

field-free case but also in motional electric fields
2  when a motional field

as large as 1.3 MV/cm. Recently results on the effects of 0.78 MV/cm was pre-

on these resonances of fields up to 3 MV/cm have been sent. At fields of 2.3

acquired3 . In this paper we present some preliminary MV/cm the structure

results on a study of the behavior of the resonant appears to be essen- 10

structure near n=3 in large motional electric fields, tially absent. These

Since resonant amplitudes are coherent with the data are currently

aaplitude of the continuum in which they are embedded, under analysis and we h..s0sV 12.6
'I,, F:Ogur 2. Same, as Figurte I with *otioO..

the photodetachment cross section in the vicinity of a hope to describe some field ofo0. Wgc'.,

resonance caal exhibit complicated structure due to results of fits at the time this paper is presented.

cross terms. When the continuum amplitude is constant This work was done under the auspices of the

in the neighborhood of a Breit-Wigner resonance the U.S.D.O.E., in part under contract DE-ASO477ER03998.

cross section can be well-described by the Fano
4 

line References

shape, and even when these conditions may not exactly I.C. Bryant. K.B. Butterfield, D.A. Clark, C.A.

apply, the Fano form is still quite useful in parame- Frost, J.B. Donahue, P.A.M. Gram, M.E. tHamm, R.W.

terizing the data in a limited range. In particular, lamm, W.W. Smith, Atomic Physics 7, D. Kleppner
and F.M. Pipkin, eds. (Plenum Press, 1981) pp.

in an earlier survey of the structure near n=3, Fano 29-63.

forms were fit quite successfully to the large dip in 2. H.C. Bryant, D.A. Clark, K.B. Butterfield, C.A.

the cross section, enabling the extraction of location Frost, II. Sharifian, If. Tootoonchi, J.B. Donahue,
P.A.M. Gram, M.E. Ilamm, R.W. Hamm, d.C. Pratt,

and width of the dip and that of a smaller and M.A. Yates, W.W. Smith, Phys. Rev. A 27, 2889,

marginal ly-observable recursion. (1983). ,

The results reported herein were taken with a set- 3. KB. Butterfield, Ph.D. dissertation, the University
of New Mexico, 1984. (Published as report LA-

up similar to that previously described
5
. The inter- 10149-T by Los Alamos National Laboratory.)

action region, of the pulsed 4th harmonic YAG beam with .I. II. Fano, Phys. Rev. 124, 1866 (1961).

an 800 MeV I1- beam, was situated between two pulsed 5. W.h. Smith, C. Ilarvey, I.E. Stewart, ll.C. Bryant,

lelmholtz coils6. The repetition rate of the laser K.B. Butterfield, D.A. Clark, J.B. Donahue, P.A.M.
Gram, D.W. MacArthur, G. Comtet, T. Bergeman,

was 10 Hz whereas that of the pulsed magnet was 5 liz Atomic Excitation and Recombination in External

so that on alternate laser flashes the interaction was Fi lds, eds. M.Il. Nayfeh and C.W. Clark, Harwood
:cademic Publishers, NY, 1985.

field-free. The angle between the two beams could be
t,. ;..(. Krausse and X.B. Butterfield, IEEE 16th Power

varied in steps as small as 31 microradians. The Modulator Symposium, June 18-20. 1984 (Los Alamos

products of the laser-H " interaction, in particular preprint L.A-UR-84-1921).

the II, were separated from the primary beam by a down-

stream magnet and directed into a scintillatur.

V'" .41 a'F a ~. . .

4. L_ 1. 0-
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L PHOTODETACHMENT SPECTROSCOPY OF FeO-

T. Andersen, K. R. Lykke, D. M. Neumark and W. C. Lineberger

Joint Institute for Laboratory Astrophysics, University of Colorado and National Bureau of Standards,
%and Department of Chemistry, University of Colorado Boulder, Colorado 8030q USA

Recent photodetachment spectroscopy studies of Since rotationally resolved lifetime data have heen

molecular anions as C 2 -NH, and CH2-CHO- have difficult to obtain for autotonization these data may

shown that the rotation to electronic energy coupling also allow a better understanding of autoionization
plays an important role in the detachment mechanism for processes.

excited states in these systems. The autodetachment

rate versus rotational energy dependence seems, how- Research supported by National Science Foundation

ever, to be markedly different for negative ion valence Grants CRE83-16682 and PHY82-onsf5 through the flniver-

states
1
'
2 
and dipole-bound states.

3  
The autodetachment sity of Colorado.

rate increases linearly in proportion to rotational

energy for valence states, but much faster for dipole- References

bound states. Dipole-bound states originate from the 1. U. Hefter, R. D. Mead, P. A. Schulz and W. C.

interaction between the dipole moment of the neutral Lineberger, Phys. Rev. A 28, 1429 (1q83).
2. D. M. Neumark, K. R. Lykke, T. Andersen and W. C.

molecule and the electron and their properties are ex- Lineberger, in press.

pected to be much like ordinary Rydberg states. 3. K. R. Lykke, R. D). Mead and W. C. Lineherger,
Phys. Rev. Lett. S2, 2221 (1Q84).

In order to gain mre insight to the properties 4. W. R. Garrett, J. Chem. Phys. 73, 5721 (IQRO) and
ibid. 77, 3666 (1Q82).

of dipole-bound states, diatomic systems should be

studied. The system selected should have a dipole 5,5
moment larger than 2 D in order to be able to support

a dipole-bound state
4 

and a known electron affinity

within the limits accessible for tunable lasers. The

combination of these demands only leaves us with one

system, the FeO molecule.
0

By means of the coaxial beam technique the excited

states of FeO in the region 11,500-12,900 cm
1 
above

44
the &7/2 ground state have been studied. This energy V DP

region covers the five 5Ai spin-orbit states of the FeO 10

ground state. Both valence and dipole-bound states are

observed in this energy region. U

Figure I illustrates the autodetachment rates ver-

sus energy for two band systems identified as a 4A5/2

valence state (V) and a dipole-bound state (DP), re-

spectively. The observed variations in the detachment

rates are due to rotational autodetachment. The dras-

tic increase in the detachment rate near the 5A3 Fen

threshold indicates that this band system may be con- 12000 12200

sidered as a molecular complex consisting of a FeO(
5
A3 ) cm-I

core and a loosely bound electron. Spectroscopy of Fig. I. Rotational dependence of the Fen- autoderach-
ment rates for a "A valence state (V) and a

this band system indicates that the outer electron is dipole-bound state (nP). The Fe( and

an a electron with a binding energy of nearly 200 cm-
1
. 5A 3) thresholds are indicated.

I
..... ,.. , ... ,.,...,, .. .- .. . ......... .
.P' %''e . %''' . ' " . " - " . " - , . " ' " ' " .. ' ' ' ' "' " .. . " . -
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THE PHOTOELECTRON SPECTRUM OF NaBr A%. ,

Thomas M. Miller, Kermit K. Murray, and W. Carl Lineberger

Department of Chemistry and Joint Institute for Laboratory Astrophysics .-.

University of Colorado, Boulder, Colorado 80309 USA "A %r*%

- Ihare hs lung been interest in the interaction of ature of 370 K. A Franck-Condon analysis of the transi-

n electron with a highly polar molecule. Calculations tion strengths yields the NaBr equilibrium bond dis- .. * L

have shown that an electron can be bound in the field of tance r" = 2.61 * 0.04 X, an increase of 0.11 R from
e 7

J a static dipole if the dipole moment is greater than the NaBr. Using the bond strength Do(Na-Br) - 3.74 eV, and

'critical" value of 1.625 D; a rotating dipole is less our measured electron affinity for NaBr and the electron

vffectiv, at binding an electron. I True dipole-bound affinity of Br, we calculate a bond energy in the nega-

states in negative ions have been observed recently in tive ion of D (Na-Br-) = 1.17 eV. This value is far

. this laboratory for FeO and H2 C-CHO-. The effect of less than in the neutral molecule, consistent with the

large dipole moments on electron scattering has been in- non-bonding character of the orbital of the attached
3" estigated in a number of ways. Narrow resonances have electron.

4
been observed in photodetachment experiments with the We gratefully acknowledge support from the National
alkali-halide negative ions, including the Na~r ion we Science Foundation under grant numbers CHE83-16628 and

are dealing with here. PHY82-O0805.

Panong the alkali-halides, only for LiCI has the

electron affinity been measured prior to this report, in References

an experiment utilizing an earlier incarnation of our 1. W. R. Garrett, J. Chem. Phys. 77, 3666 (1982).
apparatus. Calculations

6 
for MaCl, LICI, and Li-show 2. K. R. Lykke, R. 0. Mead, and W. C. Lineberger,

Phys. Rev. Lett. 52, 2221 (1984); R. D. Mead, K. R.
that the extra electron is placed mostly on the positive Lykke, W. C. Lineberger, J. Marks, and J. I. Brauman,

(alkali) side of the XIE
+ 

neutral molecule in a space J. Chem. Phys. 81, 4883 (1984); also, unpublished
data for FeO-.

essentially unoccupied by other electrons. The ground 3. See J. A. D. Stockdale, L. G. Christophorou, J. Tur-

state of the ion is X2
+
. The non-bonding nature of the ner, and V. E. Anderson, Phys. Lett. 25A, 519

s o i X h(1967); A. C. Allison, J. Phys. B 8, 325 (1975);

orbital leads to a negative ion in which the nuclei are I,. A. Collins .nd D, W. Norcross, Phys. Rev. A 18,

more weakly bound than in the neutral molecule. 467 (1978); and B. Jaduszliwer, A. Tino, and B.

13 ABederson, Phys. Rev. A 30, 1269 (1984).
In this experiment a 2 xlO

1
0 A beam of NaBr- was 4. S. E. Novick, P. L. Jones, T. J. Mulloney, and W. C.Lineberger, J, Chem. Phys. 70 2210 (1979).•,-'.-- o.•[

* extracted from a flowing-afterglow ion source, mass Lieegr .Ce.Phs 021 17)
5. J. L. Carlsten, J. R. Peterson, and W. C. Lineberger,

analyzed, and crossed by the intracavity beam of an Chem. Phys. Lett. 37, 5 (1976).

argon-ion o6. Y. Yoshioko and K. D. Jordan, J. Chem. Phys. 73,
argon-ion laser operated at 488 nm (2.540 eV). An alu- 5899 (1980) and references therein.
mina crucible containing NaBr was heated in the flowing 7. K. P. Huber and G. Herzberg, Constants of Diatomic " ."

afterglow and electron attachment provided a small flow Molecules (Van Nostrand, New York, 1979).

of NaBr while other processes produced copious amounts

of Br-. Photoelectrons were energy analyzed in a hemi- Electron Binding Energy (eV)

*? spherical device with a resolution of 10 meV. The 1.04 0.94 0.84 0.74 0.64

energy scaIle was calibrated by photodetaching 0-. 136

The photoolectron spectrum for NaBr is shown in

Fig. 1. The transition from v"=0 in the negative Ion to

c
v'=0 in the neutral occurs at an electron kinetic energy
of 1.748 cV, which gives an electron affinity of 0.790 *

0.015 eV for NaBr. One may compare this result to the

Measured EA(I.iCl) 0.61 * 0.02 eV, and the calculated
6

I :A( 1) =0.54 eV, EA(LiF) 
= 

0.33 eV, and EA(NaCI)

. ' ,V. f.'r ,ther alkali-halide molecules.
Transitions to v'=l,2 are at 1.711 and 1.674 eV,

rs 1 . ,,c -v. i00 cm
-  

for aBr. In 0i,

w i 11 g iv e s w ' 30 o N . i

agrcem-nt with infrared data.
7 

Transitions from v"=l,2 1.5 1.6 1.7 1.8 1.9

r-1. at 177( and 1.799 eV, respectively, which gives Electron Kinetic Energy (eV)

-= ) 5 50 ,m
-1 

and w x" of approximately 10 cm
- 

for

Br These transitions indicate a vibrational temper- FIGURE I. Photoelectron Spectrum for NaBr

:-.............

" " ".... .... " " '"." " ".".."....' " "
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FIELD- AND PHOTODIIACIIMENI OF WATEIR CLUSTERS

H. Habterland, C. Ludewigt, 14.-G. Schindler, and D.R. Worsnorp

FakultAt CUr Physik der Univ. Freiburg, D-78oo Freiburg, Germaniy

*Negatively charged water clusters have been pro- Field is reduced lo [/ (I n the itglit of

* duced by injecting low energy electrons into a rare gas fig. I thep value or tie electric field strength ,

seeded sursoi ae epnsin All clstrs n

with the exception of n=4 could be produced. With heavy ky/(m%

0 q,60 ,) -0-seeding intense beams of clusters of the type 01 2fRg n ! R HiOt2
Rg =Rare gas, could be obtained. --

* In a first attempt to measure the electron affi-

nity of the clusters a field detachment experiment has 0-

J.4
been performed. The cluster ion beam traverses a high11

in-line electric field, before entering a quadrupole Z Z / R7Xe n

mass spectrometer. No detachment could be observed for 3 a-Kr o
Ar -

fielt strengths below 55 kV/cm for n)2, although theT

intnsiy o th n3,5,8, and 9 clusters can be orders0 1 3I.5 c

of magnitud, lower than that for n=2. It follows, that F IGURF I F ,eldt detricment threshiolds for Ar, Kr, arnd
*the often made correlation - higher intensity implies Xe as a forict in of numher of rare gas atnms

larger binding energy - cannot bep made, at least riot Prcutr

in this case.

SFig). I shows the measured detachment fields as a in vacuum is sketched, which is nercessary to.--
5

x

functin of the number of added rare gas atoms. For give art electric field of 31 kV/cm in the rare

(1 (t 2[) 2 r , mzO,l, and 2 a detacthment threshold of gas solidt. It is quoite surprinintl that this

(31.1) kV/cm is obtained. Adding more argon atoms value for arqoo is so clIose to tue experimental

this value increases and seems to saturate. Adding data for nt 4.

Kr or Xe atoms, the necessary field strengths in-

* ~crease so rapidly, that for large m values no field It is difficult to extrac noacurt idn

detachment could be observed. energly from Ithe dtel an(cu f ield. Tn circumvent thius

problem the ptuntoulet arunuett npli-irat us shown in Fig. 2
Adding more and more rare glas atomis one obtaiius a

was coost ruct ed. First reetl, ts have e,, otbta ined and
negatively charged dimer in a rare glas matrix. fIn a w7l' re presented at the cnoufeir-ove. i-lo

* polarisable medium with refractive index iu the electric

FIGURE 2 C luster -Photo-Detachment -Apparatuq. (1) Pulsed Cluster-ion qource, (2) Inn Opt icq with polre compressor,
(3) reflex time of flight spectrometer, (4) time fnsinq reflector, (eu) Viass of slow ions, (6) pass of . ~
fast ions, (7) detector. The photons from a pulsed (lye laner can interac't o ether of tthe (an legs mitth5* .5

the cluster ion beam.

ori

w%



ONE AND TWO-PHOTON DISSOCIATION OF N 2 INVESTIGATED BY

DOPPLER SPECTROSCOPY OF PHOTOFRAGMENTS

G.Gerber, R.Moller

Fakult~t fur Physik, lUniversitat Freiburg, F.R.G.

Na2  oleule ina mlecler eamareohoodimo- Another intarastine result of nir nolqcular bam
ciatedl by various Ar* laser lines. The state of ePri'e,,ts is thit w-e In not observe a population
the neutral frapments An'l the correspondinp enerpey of th- Na *(3p) P1?fine Atrictutr" level neither
and anpcular distribution is determined by means of by diret diqqmniation Via th- 11 1n, continuivm nor 6

Doppler spcetroscopv. Three different photodlimno- by tunneline throijoh the lR-nmte potential harrier
ciation processes Are observed and identified: when uinni tho Ar* laser lines 49R.0 nm and 476.5
Direct photodissociation by excitation to the nm fo~r inntsna.
d issociation continuum of the B sT~tate * diso- The,,, experime-ntal ra,,ilts Io not support the
ciation of nuami-bound levels of the BI state and fin~inrm of Rothe Pt Al. (?) qvi Janson et Al. (3)
twi-photon indticed dissociation of Na2 leading to who renorted tBa2  photondiqsoeR'jtjon via the D -
Na (n1) fraatmentm. nta t- leaiio to Nn D (3 p J-312 3a J-1/2 ) and

A molecular beam of NA 2 is croqned by two lamer D, O3p .7-1/2- 3q J1l l? ine emnission . Howeve.r,

beams, aill three being~ mutually' nerpeodicular to in an additional experiment (with 019. 0 n's And
each other. The first lamer pho0todismocintes 1142, 47f,.5 rVn) we Aa Able to observe a population of
w hile the second lamer Analyzes the freementation. the Na O3p J-11?) level. huit connected with a

*With several Ar+ lacer lines, multi-code And 'such larpper photofrnqeent energyv. am a real~t of a
sinvle-moie Nn photodissociates into Na 310.P112 two-step excitation of A, hie!h 1 vinr Ma 2 state
and NRa 3p(r-3/) By tuninp a sinpele freqluency dimmocistinp. into lls (3p) a nd 11R (3r) Atoms and
Rh6G dye lamer over the 3p(J-3/2)-,4d(J-5/2,3/2) noriilaiting the Sqi (3 r) .1-3/2, J-i 12 levels.Fip.2

tranmition at 5A3.92nm the velocity component of shows a Dnonor spectrum of the 1a" (3p.JI/12)
theAtmi fmpent rlaiv t th RnlziF, frapm-ntm obtnined for perpendicular polarization -

lamer is determined by the Iloppler-shifrt wihAkntcepvofW 20cm

AV=V.v 2/c .R-frne
The excitation of the frspment IR monitored by Rfrne
the emission of the 4p(3 112 ,

3
/2) 39a(3-12) R.N.Zarq and P.R Ierqehbseh

lines at 330 pm from the cascade 4 4
-
4
r-

3
-1. The 2Prc..PYth 1.KRi- (1063) 17

polarization of the dimmociatina. lacer can he 2 .. ohUVam ue

-- chosen Arbitrarily to the direction . of the .1.hijonhm 72 (1910) 5145
de-tection, A.R. parallel or perpendicular.3)MLJso,!'.rrnv

* Trace A in FiP.1 shows the unehifted excitation ..Phvm. R 15 (09Q?) 4175

Anpetru, of the 3p(J 3/2 )-4d(J -5/2 . 3/2 ) tranni tions%.
Since the two fine structure components are only
1.02 Gliz apart, two ovprlaoPinp2 Doppler arpetrm
a re found. Trace R end C A re Doppler spectra i
obtained for parallel aind perpendiculakr polarize- .'L

tion". Thene spectra represent A frpae.ntation of

a quasi-bound level by tunnelinp throu'lh the
potential barrier. The quantum nuabers of this
quasi-bound state, excited by a ainile-mode lamer.. ..-.

at 497.1) pm. Are determined by douable-resonance! C
spectroscopy and the width of the state is meamurediL M -

to AV"~ 100 MI1z. In this came we find only one
* value for the kinetic enerpy of the frapmenta -

P iven by the enerpy W of the puasi-bound level : ELI 11 Z
*referred to the diqsocintion limit. It can be . ...

mhown 0I ) that the nular limtribiition can always A. ....-

be represented by f(O)-~ l+f.P (cosO).vhere 0 is theB A. .... . -.--

a~nele between the lame!r olarization and the frnmontA .- 5

direction. The spectra represent the distribution A
of the 7-rnoont of the fraemennt velocity, which i I I I I

i1 'iven by -3 - I 0 1 2 3
DETUNING (GHZ)

g~1 =1- /13 /2 v~v 2 for E L 11 Z and F1P.1 Tonrler Spectra of tin*(3p) 1 3 /;1

9(v, ) = I*1/4 0 -3/413 (vZ /v) 2 fo L..z weeFraceents due- to one-photon dimmociattion

v ia the velocity of the frai'mant. The speotrn in. -

Pip.1 are in !odl avreeent vith these dintrihuition E ... LZ
for the followinp parameters: v-475 m/se+Wd30 .
cm-

1 
and P*-0.32._The obtained value W-430 em-1 im

close to F-.39.9 cm .the enerstv of the quasi1-houand 4
level v',31.J'-42 Above the B-state disoitfionn.

limit. -3 -2 I 0 1 2 3 . . -
For mosit Ar* laser lirps continuouts enempy DETUNING (GHz)
istribiutions are fouind due to direct dissnciatin
by excitaion to the continuium of the B-state. Fie .2 Doppler Spectrji of TJa'(Tp) .1 -1/P

Prnpsents die to two-photon ismociation

....................................................
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LYMAN-a EXCITATION SPECTRA IN THE PHOTODISSOCIATION OF H2

S.Arai, Y.Yoshimi, H.Koizumi, K.Vironakf, K.Shinsaka, M.orita, T.Yoshida,
A.Yagishita, K.Ito and Y.Hatano

Department of Chemistry, Tokyo Institute of Technology, Meguro-ku, Tokyo 152, Japan
*Faculty of Engineering, Hokkaido University, Kita-ku, Sapporo 060, Japan
+Photon Factory, National Laboratory of High Energy Physics, Oho-machi, Tsukuba-gun, Ibaraki 305, Japan -

Dissociative and autoionizing states of molecular sents the first observation of Lyman-a radiation from the

hydrogen have been extensively studied both theoretically fast H*(2p) produced by the photodissociation of H 2. . .

and experimentary. In the case of dissociative excitation Synchrotron radiation of Photon Factory was dis-
to hese states, the observation of fluorescence from persed with a Im Seya-Namioka onochroator. The ono-=- ':

excited fragments is very informative to investigate chromatic light passed through a differentially pumped

these states and their dissociation processes. and it gas cell (Fig.1), where H2 pressure was maintained to

has been known from the electron impact studies that the 2x1O -2torr, and detected with a combination of sodium-

slow and fast H atoms are produced through the corre- salycilate and a photomultiplier. Lyman-a fluorescence

sponding two processes. I The slow Heatoms are produced by was detected with a continuous dynord electron multiplier

the predissociation of vibrationally excited molecular (Ceratron) through a HgF2 window.

states which belong to the Rydberg series converging to Fig.2 shows a Lyman- excitation spectrum in the

the ground state of H+ and the fast H atoms are produced range of 350-550X. In this wavelength region, the frag-

by the direct dissociation (or partially involving pre- ments are the fast H*(2) from the doubly excited molecu-

dissociation) of the doubly excited molecular states lar states. Two thresholds are clearly found in this

which belong to the Rydberg series converging to the spectrum. The first one is at 470X(26.4eV) and the second

excited state of H.2 In the photon impact studies, dis- is at 408(30.4eV); the respective thresholds are indi-

sociative excitation of H which produces the slow H cated by arrows in Fig.2. The cross section for producing
2a

has been already investigated by observation of atomic the fast H*(2) has been estimated to be about 2 order of

fluorescence in the excitation wavelength of 700-85A. magnitude smaller than that of the slow H*(2).

* In the shorter wavelength region where the fast H* are

produced, however, only a preliminary result, the upper

limit of the cross section for photodissociation of H2,-

has been reported,3 and there has been no obvious obser- _

vation of fluorescence from the fast H
e
. This paper pre- .

S R t rom -

AU mesh . Photon Factory
~L"

gas cell

Pi "-ln5 gaug MgF2 windov."- ""0.-

sample gas 350 450 550,;
saml a EXCITATION WAVELENGTH (.)

ceratron Fig.2 Lyman-a excitation spectrum of H2
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I. Y.Hatano, Comments on At.Mol.Phys., I1, 259 (1983)

sodium-salicylate photo-multiplie and the references cited therein.

coated pyrex-glass tube 2. J.E.Hentall and E.P.Gentieu, J.Chem.Phys., R, 5641

(1970). P.Borrell, P.N.Guyon and M.Glass-Maujean,
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HIGH-RESOLUTION PHOTODISSOCIArION SPECTROSCOPY IN FAST NEUTRAL H2 BEAN %

.'-.'..., *.'

N. Bjerre* and H. Helm

Molecular Physics Department, SRI International, Menlo Park, CA 94025

We have recorded high-resolution photodissociation from the (5,5) band of the i-c and g-c systems. The -
spectra using a fast H 2 beam produced by charge ex- transitions to the v-5 level in the i state appear near ,- q

2
+

in vapor. The fast neutral beam was L5600 cm and show broadening due to rapid barrier , o

excited by a tunable cw dye laser, running coaxially tunneling with a lifetime of 1O-13s. Bound-free photo-

with the molecular beam over a length of 100 cm. dissociation appears as a weakly structured background

Photodissociation products that separate from the between 15700 and 17300 cm
-1
, which has not yet been

parent beam due to the kinetic energy released in the assigned. The background is absent in spectra recorded

dissociation process were detected with an off-axis with a beam energy of 2 keV, which indicates that the

channeltron detector. The geometrical position of the dominant contribution to the bound-free signal comes ,

detector limits the detection to fragments with a from low energy fragments with W<500 meV.- --

center of mass energy release W )200 meV at a beam High resolution spectra of several transitions

energy of 900 eV. (see Figure 1). were recorded using single-frequency laser excita- -

tion. The experimental resolution in these spectra is

_L - .- 100 MHz, limited by the residual Doppler width in the

I :_ j IJ fast beam. This Doppler width corresponds to a lab

4 E P2 " , energy spread of 350 meV for the neutral beam. The

high resolution spectra exhibit marked power broadening

. a ,~0" T- even at laser power levels as low as a few roW.. .----

The narrow Doppler width in the fast beam allows

partial resolution of the fine- and hyperfine-structure

in both th c 3 state and in the 3d states. fine-

structure in the c state gives rise to a splitting of

-'t -11 [_ some 6 GHz.
2 
The hyperfine structure in the g 3g state

is at the present level of precision well represented

by a Fermi contact parameter with a value very close to

o that of the Fermi contact parameter in the c state.
2

/> .. " This could be expected, since the dominant contribution

" "to the hyperfine interaction in both states comes from

the Is electron. The fine-structure is strongly

'' affected by the i-uncoupling in the 3d system. The

- fine-structure in the g state of ortho hydrogen measur-

=I- P' ------- ,, ed in the present experiment is consistent with an

extrapolation of the i-uncoupling treatment of pars

hydrogen by Llchten et al.
3

Supported by NSF grant PRY 8411517.
Figure 1 Fa t Molecular Neutral 3e Spectrometer.

Institute of Physics, Arhus University, DK-8000

The spectrum obtained using DC4 and R6G dyes con- Aarhus C, Denmark

sists of a large number of discrete lines superposed on 1. H. Helm, D. P. deBruijin, and J. Los, Phys. Rev.

a broad continuum. The discrete transitions can be Lett. 53, 1642 (1984).
2. W. Lichten and T. WIk, J. Chem. Phys. 69, 5428assigned to bound-bound-free and bound-quasibound (1978). - " "

photodissociation of H2 c
3
-,u through the electronic 3. W. Uichten, T. Wik, and T. A. Miller, J. Chem.

states g ,h and g These t a Phys. 71, 2441 (1979).hr 3gan j Teestates arestates ",. .- ,g 1 9A.-
the 39 and 3d members of the lsnt Rydberg series.

Among the transitions not observed previously are those %

p%
. ................... .
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RADIATIVE DISSOCIATION OF SELECTIVELY EXCITED
ROTATIONAL-VIBRATIONAL STATES OF H2 (B, C) MOLECULES

H. Schmoranzer, T. Noll, J. Imschweiler, K. Molter

Fachbereich Physik, Universitat Kaiserslautern
D-6750 Kaiserslautern, W.-Germany

Continuous vacuum-ultraviolet emission from selec- than the limiting wavelength A for bound-bound emission,-' ,

tively excited vibrational levels v' of the B 2p IS a r ect u s e d hi ads H a structured continuum is observed which is peaked at

state of H2 has been observed previously 1 ' in agreement 125 rim. Similar results were obtained for other upper, ,1,- ,--
with elaborate quantal calculations3 for rotationless vibrational quantum numbers v'.

transitions. The radiative transitions from B, v' levels

into the dissociation continuum k" of the bound electro- m
I+ H2.B2p3 E+,,v'--3. J'--,.nic ground state X Is z represents a mechanism of spor- xlsE. v. k

taneous radiative dissociation leading to hot H(1s) - "

atoms. Spontaneous radiative dissociation was predicted
1 .for the C 2p nu state, too, and more accurate calcula-

tions of transition rates for the B-X continuum were C 41

made by including rotational distortion
4

In the present study the radiative dissociation of

the C state via continuous C-X vuv emission and the ef- J -4

fect of rotational distortion on the B-X emission con-

tinuum were observed for the first time.

Monochromatized synchrotron radiation from the ism 155 IN lss

storage ring BESSY, Berlin was utilized to selectively Wol.,,gth tn,

excite individual rovibronic B and C states of H2 which
was contained in a differentially pumped gas cell. The FIGURE 2 Continuous vuv emission spectra of H2 B,

bandwidth of the 3 m -normal incidence monochromator v'=13, J'=O and B. v=13. J'=4
used was 0.015 rim. The vuv fluorescence radiation was As an example for the effect of rotational distor-
dispersed by a high luminosity secondary monochromator tion, the emission spectra observed beyond the limiting

of i.4 nm bandwidth and single photons were detected by wavelength A are shown in Fig. 2 for the B, v'=13, J'=O

a position sensitive microchannelplate which enables to and 4 states, excited via the P(1) and R(3) lines. In this . -

record a spectral interval of 25 nm width at a time. case the continuous spectrum exhibits at least three

The emission spectrum of the C, v'=l, J'=1 state, marked maxima. The effect of rotational distortion on the

excited via the Q(1) line out of X, v"=O, is shown in wavefunctions of the upper discrete state and the lower

Fig. 1. The strongest Q(1) emission lines of the C. continuum state, besides changing relative peak intensi-

v'=l - X, v" bands occur for v"=11. 12 and 14 (the ties, results in a red shift of the intensity maxima with

highest bound vibrational state). At longer wavelengths increasing upper rotational quantum number J', in quali-

tative agreement with theory
4

H2.C2pflv'=l 1l. J'= - Financial support from the Bundesministerium fur -
Xli' v" k" Forschung und Technologie is gratefully acknowledged.

8 10 1'2 114
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PIIOTODTSSOCIATION PROCESSES OF PYDROGEN HALIDES *

STU'DIFD WITH SYNCHROTRON RADIATION :?--: ?

J. B. Nee, M. Suto and L. C. Tee

Department of Electrical and Computer Engineering

San Diego State University, San Diego

California 92182 e

The photodissociation processes of HX (X = F, Cl, that they are mainly predissociative. In the 105-126 nm

and Br) are investigated using synchrotron radiation in region, the absorption spectrum consists of strong ,

the 105-200 nn region as a light source. The photo- structures superimposing on continua. Some of the

absorption and fluorescence cross sections of these states fluoresce in the ultraviolet and visible region. t!

molecules are measured. The nature of the fluorescence is under investigation.

For HF, only an absorption continuum in the 105- When HBr is irradiated with excitation wavelengths

145 nm region is observed. This continuum corresponds shorter than 107.8 nm, a fluorescence from the excited

1.-.1+.-
to the A . XI1

+ 
transition. The absorption cross Br atoms is observed. The fluorescence spectrum is

sections have a maximum of 3.5xi0
- 18 

cm
2 

at 118 nm and dispersed and identified as the Br 4P5/2 - 2P 3/2 4P3/2

-19 c2 2P and 4 2 P tasios15/2 7 1/2' .3/decrease to 2xl10 cm at 145 nm. 3/2 3/2 1/2 transitions at 157.7, 154.1,
For lIdC, an absorption continuum corresponding to and 163.3 nm, respectively. From the threshold of the

the A
I  

Xl
+ 

transition appears in the 135-200 nm Br fluorescence, the dissociation energy for tiBr is

region. In the shorter wavelength region, discrete determined to be 3.65 eV.

structures dominate the absorption spectrum. In the By comparing the absorption spectra of HF, HCi and

120-135 nm region, the Cv0) + tra'HBr, the absorption continua for the A 1- x e+ transi-

shows very large absorption cross section, but the tion shift to the longer wavelengths when the halogen

spin-forbidden transition, b 3T * X 
+ , 

also has a atoms become heavier. The ratio for the osc-.'ator
i13 1 + 1 1 +significant absorption cross section. Both the C I and strengths of the b X * Z

+ 
transition to the C - XV N E

b3-i states do not fluoresce, indicating that these transition increases from 0.02 for HCI to 0.2 for HBr.

states are mainly predissociative. In the 113-120 nm This indicates that the spin conservation rule becomes

region, the absorption cross sections are quite small less-vigorous as the weight of halogen atoms increased.

and look like a continuum. However, the weak V E state

in this wavelength region shows fluorescence in the This work is supported by NSF under Grant Vo. ATM-

ultraviolet and visible wavelength region. This 8412618 and NASA under Grant No. FASW-319. The synchro-

fluorescence makes this state very distinguishable from tron radiation facility at the University of Wisconsin

the absorption continua, is supported by NSF under Grant No. DMR-44-21888.

In the 105-113 nm wavelength region, the HCl

absorption spectrum shows strong structures superimpos-

ing on the continua. The structures correspond to the

H P, K I, M and other unidentified states. Some

states show fluorescence in the ultraviolet and visible

region, but not in the vacuum ultraviolet region. These

fluorescence results indicate that the lower state of

the observed fluorescence is not the ground state, but

some excited states, possibly l- and 3- that are repul-

sive states. The investigation for the nature of the

fluorescence is under-way.

For HBr, the absorption continuum for the A I

XF
+ 

transition is shifted to the 150-230 nm region.

The absorption maximum at 175 nm has a cross section of

-18 2 . . . ..
2.5xl

-  
cm . In the 126-150 nm region, discrete

structures dominate the absorption spectrum. The

oscillator strengths for both the spin-allowed transi-

tiot, C
I  

X T
+
, and the spin-forbidden transition,

b i X +.are quite large. Similar to the case of

HCI, these two states do not fluoresce, indicating

%. -.
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PHOTODISSOCIATION DYNAMICS OF ICN

M. A. O'Halloran, H. Joswig, and R. N. Zare

Department of Chemistry, Stanford University, Stanford, California 94305 USA

An understanding of the detailed dynamics of the N(F,) -N(F ) . -. '-

photofragmentation process is important in the elucd- N(F,) * N(F2)

dation of many photochemical systems. Because of the 0.2 J--":' "

nature of the bound-free transition, the absorption ,

spectra of many single-photon dissociation processes

are broad and featureless. In order to learn about the 00 0".

excited state(s) and dissociative potential energy sur- O 30 * 40 * 50 N"

face(s) involved in the photofragmentation processes,

it is therefore necessary to examine in detail the

final state distribution of photofragments. -0.2.

We have been studying the photodissociation of

ICN. The goal is to try and learn as much as possible

about the dynamics of the photodissociation process by
-0.4

examining the final state distribution of the CN frag- -- _ _""-__'_'___

ment in as much detail as possible. ICN, at pressures Figure I Population differences of the F, and F2 spin-

of 10-20 mTorr, is dissociated by 249 nm radiation from rotation doublets over total population as a

an excimer laser. The excimer laser is also used to function of rotational quantum number N" for

pump a tunable dye laser which probes the CN X 2Z
+ 

dis- CN X
2
l+(v"=2) produced in the photodissocia-

tribution after a delay on the order of 20 nsec. The tion of ICN at 249 nm.

CN fragments are produced in their ground electronic

state, and the dye laser is tuned through the In the course of this study, we have also observed
2+ 2+

CN B + X E transition to probe the final state that the two spin-rotation components (F, and F ) of
2 + "2

distribution via laser induced fluorescence (LIF). the CN X E fragment are unequally populated and that

In addition to conventional measurements of vibra- this difference in population changes as a function of

tional and rotational populations, we are studying the N". This has previously been observed by Wittig and

alignment of angular momentum in the CN fragment. This co-workers in the dissociation of ICN and BrCN at

can be determined by observing the variation in fluo- 266 nim.
4  

In Figure 1, the difference in population of

rescence intensity as the probe laser's polarization is the spin-rotation doublets divided by the total popula-

rotated with respect to the direction of polarization tion of the two levels is plotted as a function of rota-

of the photolysis laser. When such a measurement is tional quantum number N". The population differences

made for a single N" level in the final CN X 2Z
+ 

distri- clearly oscillate and tend to increase with N". This

bution, the second multipole moment of the MN" distri- effect is attributed to interactions between the spins

bution is exactly determined.l and angular momenta of the iodine and CN fragments.

Another vector quantity that we can measure is the The interactions and couplings between the various angu-

angular distribution of photofragments. For a linearly lar momenta will be mediated by the dissociative poten-

polarized photolysis, the normalized angular distribu- tial energy surface, and so these population differences

tion of photofragments is given by are expected to be a very sensitive function of the

dynamics of the photodissociation process.

f(e) = (I + 6Pt(cos0)] References4r 2References ". ""

2 2 1. Chris H. Greene and Richard N. Zare, .1. Chem. 'hvs. rli0
where P2 (x) - (3x - 1). In this system, the atomic 78, 6741 (1983).

iodine fragment has no internal degrees of freedom, and 2. Sze-cheng Yang and Richard Bersohn, J. Chem. Phvs.
61, 4400 (1974).

the CN fragment's velocity is fixed once its internal 3. V Vasudev, R. N. Zare, and R. N. Dixon, J. Chem.

energy is known. The Doppler profile of the probe Phys. 80, 4863 (1984).
4. F. Shokoohi, S. Hay, and C. Wittig, Chem. 'hys.

transition will depend on the direction of the velocity Lett. b3, 110 1984).

of the CN fragment relative to the direction of obser-

vat ion. 3
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THEORETICAL INVESTIGATION OF THE PHOTOUISSOCIATION OF OH

Roberta P. Saxon* and B. Liu.

*Molecular Physics Department, SKI International, Menlo Park, California 94025 USA

+IB Research Laboratory, San Jose, California 95193 USA

Ab initio calculations of the potential curves, Table 1. Photodissociation cross sections for

transition dipole matrix elements and photodissociation transitions from OH
+ 

X

cross sections of the lowest three 3 E- and lowest three

3- states of the On* ion have been performed to provide . .Peak Position Cross Section FW,,.'H :.
data of interest in the modeling of cometary atmo- Final State (A) (cm ) (A)

spheres. While the potential curves of this system

have previously been reported,
1 

the transition moments

have not been determined and tne photodissociation pro- 2 3 830 2.45 x 10
- 1

8 220

cess has not, to date, been studied experimentally. 3 3r- 730 9.70 x lo
-  

130 q
Particular emphasis was placed in these calcula- 2 3 820 1.32 x 10

- 18  
150

tions on the proper determination of the effect of 3 3i 700 6.21 x 10-18 55

Rydberg states and of Rydberg-valence interaction.

While neglect of Rydberg mixing may not significantly

affect the qualitative nature of the potential curves,

particularly for the repulsive excited states at issue

here, it can have a significant influence on the calcu- 24 1 [ 1

lated transition moments. Configuration interaction
3 3 1Z

calculations were carried out with a Slater-type basis
16

set including two 3s, two 3p and one 3d Rydberg func-
tion on the 0 atow. Molecular orbitals determined by a > 3

3
11

complete active space NCSCF calculation on the ground 8 23n n <

state were augmented by optimized Rydberg orbitals. II -.. ... ----- O
+ 
(
2
p) + H

The resulting potential curves are shown in Figure 1. wu 2k 0 (
2
D) + H

The O(3P) + H
+ 

asymptote should lie 0.019 eV below the A311' -- -(4)-+H_

0 )+ H limit. In this, and in previous calcula-

tions,l the asymptotes are obtained in the opposite

order, which, however, does not affect the photodisso- -8

clation cross sections reported here. 0 1 2 3 4 5

R (A)
CrLss sections have been obtained for photodisso-

elation from the lowest vibrational and rotational FICtiUi I Ole potential curves calculated In this work.

level of the ground state to the repulsive second and

third sigma and pi states. The variation of the RPS supported by NSF Astronomy grant AST-8311426.

transition moments in the Franck-Condon region is

insufficient to signiticantly perturb the expected Reference

gaussian shape for a bound-free cross section. The
I. D. M. Hirst and M. F. Guest, Mol. Phys. 49, 1461

peak values, positions and full widths at half maxiaum (1983).

are listed in Table 1. Dissociation to the repulsive

portion of the A state resulted in a peak cross

section of 3 cmx
2 2 

Cm
2 .

. ........ .. ......-... ........-...........-.. "......... .. ..... .-... . .... -.: -- •.
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ADIABATIC APPROACH TO POLYATOMIC PHOTOOISSOCIATION: APPLICATION TJ C2N2*

C. E. Dateo * M. Dupuis*, V. Z. Kresin, and W. A. Lester, Jr."t

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, Berkeley, California 9472U
±Also: D~partment of Chemistry, University of California, Berkeley, California 94720

Present address: IBM Research Laboratory, Kingston, New York 14401

Polyatomic photodissociation dynamics has become an were performed to obtain diabatic electronic states. . -

area of significant interest in recent years due to the Molecular geometries, force constants, and harmonic

advent of new experimental techniques for the prepara- frequencies were computed for the E state in . \-

tion of initial states of molecules and the probing of excellent agreement witn the limited experimental data

final states of photofragments. A main goal of the available.
5  

The nuclear wavefunction is approximated air

present tneoretical effort is the evaluation of energy by harmonic oscillator functions that describe the

distributions of the fragments. three normal mode stretches. The validity of the

Recent experimental studies indicate C2N2 under- harmonic approximation is supported by the equidistant

goes indirect photodissociation at wavelengths between bands of the C2N2 absorption spectrum.'

164 and 158 nm. For the dissociative state, tne harmonic approxi-

C2N2(X l<)+hv C2N2(C u) * CN(X 2E)+CN(A (I) mation is also employed, but is not essential, to k - _
2 u describe the internal degrees of freedom. Rigorous

Process (1) is an example of type II or vibrational evaluation of the FC intergral entails knowledge of

predissociation which occurs on a single multi- the frequencies and force const.nts of the dissocia-

dimensional adiabatic electronic potential energy tive state in the region or overlcp. Tne~e .re

surface (pes). Vibrational distributions have been obtained from minimal basis set MCHF calculations.

reported for several wavelengths.
1
'
2  

The translational wavefunction describing tnp -e'ati,,e

A golden rule formalism is used to evaluate the motion of the fragments is determined numericallj

energy distributions of the fragments. Vibrational using standard methods by solving

predissociation represents a more compli- -h2 a2 +eff.\ re )

cated case in this formalism because both states = (2) _7•. =

belong to the same pes. An approach has been

developed which enables this case to be treated where ueff(,) is the effective potential including b

as a quantum transition.
3  

It essentially entails vibrational contributions.
the use of a diabatic state representation which Vibrational distributions of the photofragments

provides a localized description of the unimolecular computed by the procedures discussed above will be

process. In this diabatic representation it can be reported and compared to experimental results. These

shown that relative populations can be obtained by distributions are found to be sensitive to several
;"factors. These include the number of product A...].

evaluation of Franck-Condon (FC) integrals. f o T i eh rf d
The main difficulty encountered in a FC formalism vibrational levels energetically accessible which is

is obtaining an expression for the nuclear wave- presently uncertain due to the lack of agreement on

function of the dissociative state which adequately t 2h 2edissociation energy, and the poss-

relative and internal motions of the bility of an additional electronic cnannel at shorter
describes the eaianinenlmtosfth
pnotofragments. The present adiabatic description

4  
wavelengths. Comments on the validity of the various '.

explicitly treats the interaction between the relative approximations and the sensitivity of results to

and internal motion of the fragments (final-state parameters will be discussed.
References
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and rotations are neglected. A full three-dimensional 4. V. Z. Kresin and W. A. Lester, Ir., Chem. Phys. .'

treatment will be presented separately. Ab initio 90, 335 (1984). .
ui i t re c C c u o5. . E. Dateo, M. Dupuis, and W. A. Lester, Jr., j. .... -

multiconfiguration Hartree-Fock (MCHF) calculations Chem. Phys., to appear.

*This work was supported by the Director, Office of Basic Energy Sciences, Chemi a Sciences uivisi'jn of

the U.S. Department of Energy under Contract No. DE-ACO3-76SFOjUC" -

- ..- - . . . - . " . .. . .. . . . - .- " . . .... 1...: 2 .: 2 - > . .. . . .. .
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TIME DEPENDENT WAVEPACKET CALCULATION OF THE

PHOTODISSOCIATION OF Cd(CH 3 )2

Kenneth C. Kulander and Ann E. Orel*

Theoretical Atomic and Molecular Physics Group
Lawrence Livermore National Laboratory

Livermore, California 94550 USA**

Recent experiments have shown that the photo- References

dissociation of cadmium dimethyl with polarized light 1. C. Jonah, P. Chandra and R. Bersohn, J. Chem. - -

in the wavelength range 1900 - 3300A leads to an Phys. 55 1903 (1971) C%.

anisotropic distribution of the photofragments. The 2. M. 0. Pattengill, Chem. Phys. 75 59 (1983)

experimental evidence and a consideration of the large 3. M. E. Kellman, P. Pechukas and R. Bersohn,

amount of excess energy available indicate that it is Chem. Phys. Lett. 83 304 (1981)

likely that a substantial fraction of the photochemical 4. K. C. Kulander and E. J. Heller, J. Chem. Phys.

events produce three fragments: Cd and 2CH 3. In fact, 69 2439 (1978)

classical trajectory studies
2
'
3 

of photodissociation in 5. E. J. Heller, J. Chem. Phys. 65 4979 (1976)

this system predict that the dominant channel is that 6. W. H. Miller, J. Chem. Phys. 62 1899 (1975)" - -

which leads to three body dissociation. We have 7. E. J. Heller, J. Chem. Phys. 68 2066 (1978)

performed a time dependent gaussian wavepacket

calculation
4 

using the excited state potential energy

surface of Kellman, et al.,
3 

and obtain very good • --

agreement between our product state distribution and

those of refs. 2 & 3. Their model assumes the

dissociation takes place with the C-Cd-C atoms

remaining collinear, treating the methyls as single

atoms with masses 15. We also assume the dissociating

wavefunction is accurately represented by a single

gaussiln wavepacket. Thus, we determine the time . .

evolution of the wavepacket by solving the time .

derjeodert .,cnrodinger equation assuming that the

interaction octential can be represented accurately by

a local Taylor's expansion truncated after the

quadratic terms.
5
'
6  

From this single wavepacket we

can extrart all product state distribution for all

photon energies. We also obtain the total photo-
7

absorption cross section. By comparison, the results

of Pcttengill required on the order of a thousand

trajectories per photon energy to obtain statistical

convergence. Therefore, these calculations illustrate

the computational convenience of this powerful technique

which gives exact quantum mechanical results provided

the local, quadratic expansion of the surface is valid "

over the width of the wavepacket.

*Present address Aerospace Corporation, P.O. Box 92957, ! -o

Los Angeles, CA 90009

**Work performed under the auspices of the U.S.

Department of Energy by the Lawrence Livermore National

Laboratory under Contract Number W-7405-ENG-48.
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% OLECULAR PHOTODIF'SOCIATIO: :-AI- 1:iR ;At'l:S-

G.K.Ivan,7 Lnd G.V.Golubkov

Institute of Chemical Physics, Academy of 2ciencc, 3oo:t, U3J-

N'Molecular photodissociation (PD) at the -matrix elements are defined from the iet " ."-

photon energy Ay ( I is the 01 aigebraic equations: eq. (: of /1/ - in

ionisation potential of the molecule XY, W case of one dissociaive channel or eq. (2)

is the vibrational quantum cf the ion 'XY ) of /2/ for the general multichannel case.

is considered by means of multichannel quan- At the ener Z < 0 the PD spectrum

tum defect (MVD) method. The propcsed variant ( without mixing 1 and with taking into

of the M2D method enables analytical descrip- account the Rydberg series v - C only ) is
tion of PD spectrum defined the complete given by exTression

phenomenological parameters being from adia-

batic nicture of terms. ,e rroceed from the (W
ifct that adiabatic terms of the system (#- .. ,4-)

(without mixing of c2ectron anrular momentum Hero. <'L-/ 7- , . ,' '' .
1 ) are defined by equation (el= e = I ) 3. V

2 ( the real part cf the Green's functicn

t e;/ lescribing nuclei notion in the dissociative
-/. (--' channel J ). Parameters Y, , and .

AJerend on the number of the open channels.
In the caso of one dissociative channel th-

-he io.nic ( U. and dissociative ( U( r".it•-.

terms, adiabatic quantum defects 1fe of () of /3/ at the fcllor.'in araetrization
1ydberg levels ( 1 ) and ogu of the R-matrix in /'/: Rift = 0, 2 = -

ration interaction are the known - ,

functions of intonuclear istance: V here. - - j'
The adiabatic wave function of the initial -

() anReferences

dissociative ( meleculeo'tltes 1. T.K. Ivanc-v, G.'T.2c'uhkov, h,27.. 1'7ym. lett.

are supposed to be known too i es1.7,Il, (is
defined at the energy E -ct by the nuclei in .. Iv nov, 2.,.G lu,' v in -hi 2cnL'-

accordance with the energy. conservation lai *. m-nce
For the matrix element or the Circle tran- .. A.fiu:ti- uz1, s J-., ?47,

sition operator D in to the dismociative (1 "'.

. state A , me mct

!.0

---he:' all reculiaritics of the ene-- ",ructu-

'e ml the spectru=. ire %efinet ,,',--.; tx.

Here, [, ,Cc,..
vibrational energy in if state. Tne enerC; E-.

measured trom the ionisation threshold,

4Md 4 - g < > - _W_-
I:.

.. ...

. .... .... .... .... ... .. .. . . . . . . . . .

:...:_.:::6:-:- ' " " ' ..... . ' ""." "" ""
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MULTIPHOTON IONIZATION OF HYDROGEN ATOMS "- '.- .

H.G. Muller and M.J. van der Wiel

FOM-Institute for Atomic and Molecular Physics, Amsterdam, The Netherlands

--'N
It is in general very difficult to compare an experiment We use the fundamental of the YAG-laser (1.064pm) to .,

on multiphoton ionization with theory. The high light ionize the atomic hydrogen 3p state, which is prepared

intensity at which such an experiment has to be conducted by excitation with 3 UV photons. Since comparatively

causes Lte lowest order perturbation results no longer little intensity is needed for this excitation the

to be valid, leading to all kinds ofinteresting phenomena broadening of this state due to the UV caused ac-

such as above-threshold ionization (ATI) and light- Starkshift can be kept small, leading to a sharp selection

induted threshold shift. On the experimental side the (5%) of the intensity at which the 2-photon ionization

need to reach high intensities makes focussing of the from 3p takes place. In the ionizing step the 2-photon

light beam imperative, causing strong inhomogeneity in process due to the YAG-light competes with the one-photon

the intensity, which makes it often difficult to inter- ionization from 3p with another UV photon. The latter -"

pret the experimental results. Detailed comparison of process ensures that 3p states, once produced, do not

theory and experiment can therefore only be made for the hang around long enough for the light intensities to

simplest of systems, which naturally led us to the have changed.

study of the hydrogen atom.

At the moment we have measured the 4-photon UV resonant

In order to avoid the difficulties associated with the MPI process, and the influence of the 1064nm light on the

intensity distribution, we employ the principle of line-profile (as a function of UV wavelength). Before1)

Stark-tuning : The state of the atom from which we the conference we hope to add to this the measurement

want to study the ionization is prepared by means of of the 3 UV + 2 IR ionization rate, and possibly the

excitation with a different color. This excitation 3 UV + 3 IR (ATI) rate, as a function of absolute

happens only if the photons of this extra color fit intensity.

exactly betwien the atomic ground-state and the selected

excited state. Since both these states experience a

(generally different) ac-Stark shift due to the presence REFERENCES

of the ionizing light, (the light used for excitation is

sufficiently weak for the corresponding shift to be 1) P. Kruit, J. Kimman, H.C. Muller and M.J. van der Wiel,

negligible), the excitation can only take place at one J.Phys.B. 16 (1983) 937.

specific intensity thereof. Therefore our photo-ioniza-

tion target atoms are only produced at those times and

places in our pulsed laser focus, at which exactly this

intensity is reached, making it possible to perform

ionization at a well defined intensity.

........... 41.-.. .......

;. ..-.'- .' ., • '- i -.-." -' .' .- --.. -, -. ' .-. .-' -. % " .' .' ..' - : i " -. -.' .' -° ' " , " -, , --. .' i " .- , .- - -" -. -,_-- i .--, _ -
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A NEW METHOD FOR THE STUDY OF TWO PHOTON POOCESSES IN ATOMIC HYDROGEN

Viorica Florescu and Tudor Marian

Faculty of Physics. University of Pucharest, P.O.Box 5211, Bucharest-Hagurele, 76900,ROMANIA

In the dipole approximation, the study of we construct also the functions

two photon processes in atomic hydrogen can t+

done in a systematic way. if one first calcu - Q(P")- .:(r, ";f)F' -(i ;"):7 (3)

lates the functions
where -(pr) are, respectively, the scatter- - ,

M') -" ing out and in wavefunctions for the Coulomb
field, with p the asymptotic momentum of the -

where hrr';,l) is the Coulomb Green's func-
electron.

tion, 7 the momentum operator, :. a bound

state eigenfunction and II a fut.ction of the The functions w(p;r) are expressed as
photon energy, changing with the process (emis- combinations of the vectors ' and p implying
sion, absorption or scattering). The functions two scalar functions that have compact analytic

W, determine also the linear response of representations. Their properties are studied -- 
-

the atom to the action of a monochrome, tic elec- in detail.

tromagnetic plane wave . The function 23' Using our expressions for -, we establish

corresponding to the ground state, was studied analytic formulas for the Kramers-Heisenberg

systematically by Luban and coworkers
2
. Tn a matrix elements corresponding to bound-free and

3
previous work

3
, we have considered the cases free-free transitions. As a check, we reobtain

n - 2 and , - 3, and, recently , we have giv- the analytic results for Compton scattering by

en a compact formula for Wn,, valid for arbi- 1s electrons
6 .

trary (n,Z,m). For ZOO each function :n LM is

a combination of two vector spherical harmonics

characterized hy two radial functions,for which

convenient integral representations have been "eference L. _I. J
found. For 1-0, only one radial function de -

termines k which is proportional to I. B. Podolsky, Proc. Natl. Acad. Sci., U.S.14

We investigate some properties of the 253 (1928).

functions nm : possible series expansions, 2. M.Luban, B. Nudler, I. Freund, Phys. Lett. " .

small and large r' behaviot*r,low frequency region. A47, 447 (1974); M.Luban, Ft. Nudler-ltlum,

The Kramers-Heisenberg matrix elements J. Math. Phys. 18, 1971 (1977).

for two photon bound-bound transitions are then 3. V. Florescu and T. Marian, The linear res-

directly constructed from quantities like ponse of the hydrogen atom to an electro -

magnetic monochromatic plane wave, Central
, (2) Institute of Physics, Bucharest, Repcrt No.

n .m,~ 'iM n IL, ' 2*ntm"

FT-245-1984.

where and 2 ace th polarization vectors 4. V.Florescu, T. Marian (to be published).
of the photons. We obtain rather compact ana- 5. A.Costescu, T.Brandus, N. Mezincescu, J.Phys.

lytic expressions in the general case. From B: At. Mol. Phys. (in press.

them, one recovers easily previous results con- 6. M.Gavrila, Phys. Rev. A6, 1360 (1972). -.-

cerning two photon bound-bound transitions for - .

low n states and also the new formulas for " "

Is * n, Is - nd transitions obtained by Cos-

tescu et al.
5

Further, we make an analytic continuation
in the electron energy of the expression of

the functions (1) in order to construct the

functions W EL (1;r) corresponding to un em re-

placed by the partial wave uELM in Eq. (I).By

summation of the partial waves contributions

loop, U- -. . . . d.. - -....- ;... ** .j.**. • .

-.. .. .. .. . .... . . a "o - . . . -. - - - -.. .. .% • .f . . . .•.•o . ,•. -% -. •.°.- -
k - " . " ' . " .:' . - . .- - . ' . - " '' " " . • "'-'_. " "-".-..: .- '
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ABSOLrrK TWO-PHOtON ABSORP1I1ON AND THREE-PHOTON IONIZATION CROSS SECTIONS FOR ATOMIC OKYGEN

i "~
D. J. Bamford, W. K. Bischel, L. E. Jusinski, R. P. Saxon and J. Eichler %

Chemical Physics Laboratory, SRI International, Menlo Park, CA 94025

The technique of two-photon excited fluorescence ...

'. ~ has been used to measure the cross section for the .'

3P2,1, 0  3P2 transition in atomic oxygen. The rele-

vant energy levels, along with the excitation and de-

tection schemes, are shown in Figure 1. Excitation was O(4S32- -- 109837 ...-. .-"

* , monitored by observing fluorescence at 845 =m from the

-2,1, 0 - S transition. Spontaneous Raman scattering 3p
3
p 2.1.0 88631

from molecular hydrogen was used to calibrate the flu- X - 844.6 n"

orescence detection system.
2  

The spatial and temporal

profiles of the exciting dye laser pulses were care-

fully measured in a collimated excitation geometry,
allowing the two-photon cross section (a) to be measur- Laser

X= 225.7 nm
ed absolutely. A knowledge of this cross section is

" crucial to understanding the three-photon ionization of 0 -227
33 1- -159e

. oxygen, with the P2,1,0 level serving as the resonant 1-5

intermediate state. In this case the third photon is OXYGEN 0

. identical to the first two. By monitoring the absolute

number of ions produced by each laser pulse and using

the two-photon cross section measurement described Figure 1. R.le--t onergy levls for the two t -.-

above, it was possible to determine the excited state remmt t o • ' . "

photoionization cross section (opi). The use of a The matrix elements in P are being explicitly

collimated laser geometry has avoided saturation of evaluated from configuration interaction calcula- L.

either step in this process, thus allowing it to be tions. Two off-diagonal sum rules employed by Huo and

' well-described by a simple set of rate equations. Jaffe
3 

are being used to estimate the error due to

The preliminary measured cross sections are truncation of the infinite sum in Eq.(2). The

a -2.9±1.5xlO
-28 

cm
4
1W and api-6.6±3.x1 'cm calculated ab initio value for the two-photon cross - .

Theoretica' calculations have been undertaken in section, a, is 2.5x10-
28
cm

4
/W, which is in excellent O -

* parallel with the experimental measurements to provide agreement with the measured cross section. We estimate

a more complete understanding of this multiphoton pro- the error due to. truncation is less than 10%. A

* cess. From perturbation theory, the rate for critical analysis of the source of error in these -.

- two-photon absorption in sec
-1 

may be written' as. calculations will be presented.

)
3  

Work supported by the Defense Advanced Research Project
W . (2n)3 2 2Agency under contract No. N6921-84-C-0052, through the

h 2c2 I p g(' ) (1) Naval Surface Weapons Center.

<fIer)'Ik><kler > (2) j. Eichler is on leave from the Hahn-Meitner Institute,
where P = Z g-E k +h (2) ".""'

It D-1000 Berlin 39, W. Germany.

and r h is the laser polarization, g(w) is References

the line shape function, and I is the laser intensity Pe" a"

in Watt/cm
2
. The rate may be conveniently expressed in 1. W. K. Bischel, B.E. Perry and D.R. Crosley, Appl.

trs oagnaie toptn cs sein 2 Opt. 21, 1419 (1982). .
terms of a generalized two-photon cross section 2. W. K. Bischel and G. Black, "Wavelength .\ %.' '-

independent of laser flux in cm
4
/W as Dependence of Raman Scattering Cross

Sections from 200-600 na", in Excimer Lasers ,. * ..

a.hv/1
2
.8.46x10-

30  
P
2  

cm
4
/W for the (3p

3
P2,1,0) 1983, edited by C. t. Rhodes, H. Egger and H.

03P2) toPumer (American Institute of Physics, 1983).SP2) transition at 225.7 r= for the laser tuned to 3. W. H. Huo and R. L. Jaffe, Chem. Phys. Lett. 101, ;% '
the peak of the Doppler-broadened spectral lineshape 463 (1983). .7"F. -

(assuming T-298 K).

. .-

.. .:. . :.:...-.
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RESONANT M?: OF SODIUM ATOM.: BY T*', 2NTENSE LA.]:-:R BI'3"C

D.Feldirann,G.Otto,D.f'etring and K. 1. Weige 4

Fa'kultC~t fUr Physik~iUniversitit Bieleleld,D4800 Bielefeld I F ;

* Experimnental: Peak'":At o;his .ottn energy tY, '-sra'te is
-'e multiphoto. ionization spectrum has been resonantly conupled into the 'IPT proces.Two
rtea.4reu in to e presece of a second laser pathways can be considerei: I)Te4C-tt

*fieT~d (~ k 32 nm) in tne waveiengt.. runge be- car. be coupled by w,~ lntc, the cttherwjse unstruc-_____

tweer. l47 nm ana 58C, rorBotL lasers have teen tured 3I-, -onizatiin r-orntinuum.r.*cesses of

: eoe. t ~ ointr~it cs p t abutthis type have bean cul -i -outcoiunizing liwe'

ne f~.. 0.igire show. t.he Na -i;on yield resonanceo' .'':Iey too.v- -ee:. 1 sc t(, tneorreti-

* 'erloi.i tne., ~avelen~gth X_. oth! _asers are 1l1near- ca lly an rd exlerimental r-(u4- 1 or ce

ly (oC-trized parallel to each other, polarization :i......B a.nytriplinl5

c;Sus si on: have bee n ex;olaired hy such TIoe;C~.e in-

The ;eai.s labeled A,13_ ao.1 DI are otserved at terest in ucl: "!te,,r~c m the pso.--AI

* ~Photer. cnergiec w for ohihtwo-plicton rose- bility to select i vt~*.. '1re ies f'

na' h: it0 iration is possible: an hicr t Pion cornt riu:.. i:., to ar cl.)-o y

Peak 'A"D) " :2w 1  E(6 2 ; reliated to the pr3coos of <oi't:edi.-
('2

4 2 (<T D":w.w i5 D) . nat _on.- t)ur experi"' .c( tl'rsults- indicate
en. it: -le excitat ion energy of the nltate ho'weveor thai;, th O C-n elit reac cd in :1

:n Ci~rlts n- w the respective plhul. n1 000'- different wty t ::0 7amrn-type (2,j -",+w )-ex-

* ~ 1ei ~o -~'f t'.ic type nsave often, been ob- citatior w.cl rrel in teenerjy regci

v -i %P and will1 nuot e conside-red here 5iclow the idi -tonhat.

a ~ ..~ olydscsOte additional Peak.s 'F": Th wo peaiks arne c:epa!na ted by C.,'Inn.

l Iale'l "" and "F" which cannot be ex- I he h ave the osenight ar-a zl.c tiie same

-.!o neo at resonant three-photon ionization, behavior for alItferinh poIa'z.citsIn. zoo d inter -

ITiey a,- ,t cervod at photorn energieoc ao which si tieo -f the lasers. ':,, -,a. be o-ttribu-oed ~
* fuIl'iLl the following formal energy conserving the excitatio- )f' the C-rtoIry a Ea-r.zn-type

* oua io.; Pak C; :3w 1  E(4 4D) +w2, (2w 1~ poe: Ith sut Lleouezo 2,~-i l~t 0

"P" : a, = (3-2 1 / 2) +w, and Thia 'onclusior. -is aerived frw: 'toe I --A '-ar

I1 E( 2  
w * intensity deapendar C, a., J En r no7 inary measur- '.* -

ments .f* electron enenl:p;ecto.:..

Conclusions:

_______________________At intenclt jec of stoat 11 ro;rart y

en-nncec fivye-- nIot, or- r :,t! -2o Strorje

thian rnnre:3onar.t t tre-I r;C:

20- A Wo find r, evidet ct f,: "'.u l ike"

:2) Do Cp t

15 'zefarenoes--

1 :. lhov 'I..: .'ov.'., tam(.. ' ian v Yu. I Gel-,r

z2 10- F a.,it A. r:. Pupo.' ;Appl . Fl1 -y -'

C

0 [E 2 s e e f r ~ e x a : . ' 1C : Y u . :r - p e a ;

vChy.JFP "

Wavelength (nmj .t:: r> . r: :i.

* Figure: The MPI spectrum of Na-ato)m..

*..7-

. . .. . . . . . . . . -
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TWO PHOTON IONISATION Or METASTABLE HELIUM

Hf. lilaherland, 3. fithne, and M. Oschwald

Fakultit fujr Physik, Universit~t Freiburg, D 7800 Freiburg, West Germany f. .~f

Two photon ionisation of meitastable Hielium has tire mft0 and the ImIl levels of the 3 P state. The nature

been studied experimentally. The total ion signal has nf this structure is not understood presently.

an unexpected structure on the dipole resonance. ~
Metastable lie-atoms (Hie-) are produced in a gas dis--_____

charge source. They are ionized by an excimer laser _
ft -1 .U

pumped dye laser with a bandwidth of 0.6 cm 1. The laser/

is focuissed on the Hie* beam. At an energy of I mJ perc

pulse a power density of about 1.5 GW/cm
2 

is obtained in

the ionisation volume. C

ihe He+ ions aire extracted by an electric field,

accelerated, mass selected by a TOr spectrometer and de-

tected in a secondary electron multiplier. r * *

0.2 0.4 0.6 0.8 mJ/ptilne
The fle+-Ion signal is shown as a function or the

FiGURE 2 Intensity dependence or the splitting of the
laser frequency in rig. 1. The laser intensity wats dipole. regsance.

sI reoacI t517 mdet h The quadrupole resoriance appears at 504.35 nm as ex-

dipole transition (2 5-3 P) and one sharp resonance at pce.Tewd~ fti eoac nFg slmtd*,.~

*504.35 ne due to the quadrupole transition (2 S-3 D) in b h ae arwrii h nest fti eoac

the first step of the two photon ionisation process of i eakbehg n ftr aeore fmgiuea

He(2 5) are observed. the dioeresoinance. Sharma, arid Mathrr, sod Aymar, .f

arid Crance calIculated the general i7eri two photon ioni-

TIV~!!JYJY~V!VflWWIbI5I~11IUV~TU~flYWYAtion cross section. Sharma rind Marthrr, who included

the qnradrurp cool rihution, predictedi that the quadru-

con t poile resonance should lie erich smaller I han lire dipole re-
-1 c

10 CS oatic e ii c r(In I rad i i i n ou i IIr p xp prI imetr al , r e sutLs. A t

3 1 Phigh intensities thre qirunrpole resonance also exhibits

Ia splitting hut of muich seal ler wirlti than the dipole

resonancre (fig. 3).

* IReferenrces

A~. 1. Mi. Aymair, and N. Crance, i.r.hys.
nI: Atoim.11oler.Phys. 13 (1900)

o 2527

2. ilk. Sharmn, aridf Y.f. Marthur,
50? ~ o& nmPhys.Rev. A 201 (1979) 2241

FIGURE I lie" two photon innisat ion signal at a laser
intensity of .8 m/pulse. The sharp peak at
504.35 om is (firre to the quradrupole transit ion.

The 2 1 -3 1P dtipole resonance is strongly hrnnaderie

due to saturation of the resnant. step in tire two phlotni

process (see inset of Fig. 1). There is a rapid decreaise

of the signal at 501.71 rim, where the maximum of tire re-

sonance is expected. The double structure of tire peak

vanishes with decreasing intensities (fig.2). No inf li- FIGURE 3 Struchtrre of flie quradrurpoie

ence of the laser polarisatirin could be observed, so resonance at a higher laser
intensity.

that there is no hint of an AC-Stark shirt- dirferent for

. . ~ ~ .* .
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STEPWISE MULTIPHOTON EXCITATION STUDIES OF . '

AUTOIONIZING RYDBERG SERIES IN Mg

R.E. BONANNO, J.D. FASSETT, T.B. LUCATORTO, J.J. SNYDER, AND C.W. CLARK

NATIONAL BUREAU OF STANDARDS, GAITHERSBURG, MARYLAND 20899

Multiphoton excitation has been used to determine
the energies and widths of autoionizing states of the 2.3I .

type 3pna. For the lowest level of this kind, the FIGU, I

3p2(S), a two-photon transition was utilized. For

states 3pnx with n > 8 stepwise processes 3S2 *.a

3sn0L0 + 3pnX were used. 1.3 4W

Fig. 1 shows a scan of the 3p
2
('So) level , 13.

accessed by a single color two-photon process. The .,

asymmetry of the profile is due to the fact that as

the laser is scanned over the r ~ 360 cm
-
I width of

the 3p
2
('So) resonance at ~ 68300 cm

"
' the 3s3p('PL),

level at 35,051.3 cm- provides a varying amount of .3.

near (single-photon) resonant enhancement to the 1. 5 4. .'

S3s2(ISO) - 3p2(ISO) transition. Our initial measure- w I ength (nm)

ments of the width and energy of this resonance agree -I

* well with the single previous measurement.' We The data was taken by the technique of resonance

• believe our results represent the first observation of ionization mass spectrometry (RIMS)
3 in which laser-

lineshape asymmetry due to off-resonance enhancement, produced ions are mass analyzed and then detected with

Fig. 2 Shows a typical scan for transitions of a particle multiplier/counter. The technique provides

the type 3s2 3s25d - 3pnd. In addition to the excellent sensitivity (an estimated 50% overall detec-

strong transitions at 280.3 nm and 279.5 nm associated tion efficiency for ions produced by the laser) and a . . - -

- with the 3s25d 3p(
2
P,,2 )25d and 3s25d - 3p(

2
P312 )2bd reliable measure of the total ionization efficiency of

transitions respectively (spectator electron An=O the selected species. " -

transitions), we easily observe series members between This work was supportel oy US DoE under contract

3p 8d and 3p34d. This relatively wide distribution of DE-AIO5- 83, ER60185.

differences between the principal quantum numbers for References

the "spectator" electron is a characteristic of the 1. O.J. Bradley, C.H. Dugan, P. Ewart, and A.F.
large difference in quantum defect

2 
between the 3snd Purdie, Phys. Rev. A 13, 1446 (1976).

2. S.A. Bhatti, C.L. Cromer, and W.E. Cooke, Phys.
and 3pnd series. By the systematic study of such Rev. A 24, 161 (1981).
spectra using several different intermediate 3. J.D. Fassett, L.J. Moore, J.C. Travis, and -. .

states, F.E. Lytle, Anal. Chem. 55, 765 (1983; C.W. Clark,

we hope to provide an analytical extrapolation to the J.D. Fassett, T.B. Lucatorto, L.J. Moore, and
[ ' " ~ ~~W.W . S m i t h , J O S A 8 2 _ ( i n p r e s s 19 8 5 ) ., -" -] - ' .

*. 3pns and 3pnd Rydberg series which should prove useful -.Si , J A B 2 n pes."

in calculations for dielectronic recombination of Mg+
.  A
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MULTIPHOTON STUDIES OF HIGHLY EXCITED STATES OF ATOMIC IODINE

S. T. Pratt, P. M. Dehmer, and J. L. Dehmer

Argonne National Laboratory, Argonne, Illinois 60439 U.S.A.

* -, .. r
The development of high power tunable dye lasers In the second experiment, one laser is used to ... ..

has led to a dramatic increase in the study of high produce the atomic iodine and to pump it via two photon.-. .•

Rydberg states of atoms through the use of multiphoton transitions to low lying np Rydberg states. The second

and mult.istep excitation. Although the alkali and laser is then used to probe transitions from these low

alkaline earth atoms have been explored in great detail lying states to high lying, even parity Rydberg states

using these techniques, other groups, such as the converging to the excited states of I+. These high

halogens, remain relatively unstudied. For this reason lying Rydberg states will autoionize and the transitions

we have recently performed two different series of are detected by monitoring the I
+ 

ion signal. For
experiments using resonantly enhanced multiphoton example, by pumping the two photon 2p (D

expeimets singresnanly 1 /2 + 02)
ionization to study the high Rydberg states of atomic 6p[315/ 2 transition, and then probing single photon '.z

iodine. In the first experiments,
l 
two photon transitions from the (ID2 ) 

6
p[315/2 level to the region

excitation was used to access the odd parity, single surrounding the I
+ 

1D2 threshold, we have observed CID 2 )

photon forbidden, np and nf Rydberg states below the ns and nd Rydberg series up to n > 30. Although these

first ionization potential (I+ 
3
p2), while in the second Rydberg states do autoionize, the line widths are quite

experiments, two color excitation was used to access the small and the peaks are symetric, indicating a weak

even parity, single photon allowed manifold of coupling to the continuum. By pumping the (3P2)

autoionizing Rydberg states converging to the higher 8p[11 1/2 transition and probing in the same region, one

ionization potentials of iodine, accesses a different set of (1D2) ns and nd states, due

The experimental apparatus consists of a pulsed to the angular momentum selection rules. In this case,

Nd:YAG pump laser, two dye lasers, a time-of-flight mass one of the series is quite broad and asymmetric, while

spectrometer, and an electrostatic energy analyzer; the others are again quite sharp. In some cases, the same

latter was not used in the studies discussed here. final states can be accessed from two different pumped

Atomic iodine was produced by the photodissociation of states, and in these instances, one expects to observe

methyl iodide, which is known to populate bth the that the Beutler-Fano lineshape parameter, q, depends on

I 
2
pj/ 2 ground state and the I* 

2
Pl 2 excited state the excitation pathway.

2

(7603.15 cm
- 1 

above 
2
P3/2) in the wavelength region of This work was supported by the U.S. Department of

interest (2900-2600 A). Energy and the Office of Naval Research.

In the first experiment, a single laser was used References

both to photodissociate the methyl iodide and to probe I. S. T. Pratt, Phys. Rev. A, submitted.

the atomic iodine produced. The two photon resonant, 2. J. Ganz, M. Raab, H. Hotop, and J. Geiger, Phys.
Rev. Lett. 53, 1547 (1984).

three photon ionization spectrum was recorded by

monitoring the I
+ 

ion signal as the laser wavelength was

scanned. By focusing on two photon transitions from the

I* 
2
P 1 /2 excited state rather than those from the 2p3/2

ground state, it is possible to access the high lying

Rydberg states of interest using wavelengths between

2680 A and 2600 A. These wavelengths are readily

achieved by frequency doubling the dye laser in a KDP

crystal. Using this technique, we have observed the odd

parity (
3
P2 )np and nf Rydberg series to high n (> 30)

fur the first time. Because of the simplicity of this

technique, it should be straightforward to extend this

work to study the effects of external electric and %

magnetic fields on the high Rydberg states of atomic -"i"r "+
iodine.

-,-• ." ,• -"
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ELECTRON CORRELATION IN EXCITED VALENCE
STATES OF BARIUM STUDIED BY RESONANT MPI

JoAn E. Hunter 111, James S Keller, and R. Stephen Berry

Department of Chemistry and the James Franck institute.
The University of Chicago, Chicago, Illinois 60637

Theoretical studies have shown that the low-lying, valence

states of the alkaline earth atoms are likely candidates to show

strong electron correlation.
2 

even to the extent that they may be

described by molecule-like quantization (i.e. the rotation, bending,

and stretching motions of a linear triatomic).' We have used

combined multiphoton ionization and photoelectron spectroscopy

(MPI-PES) to investigate some of these states," with the ulti-

mate goal of inferring as much as possible about the nature and

degree of their electron correlation. Angular distributions of pho-

toelectrons and branching ratios to different fiual ion core states

have suggested collective motion of the valence electrons in several

excited states of barium.

We collect electrons from a multiphoton ionization process

resonant with the excited state of interest using several nitrogen-
pumped dye lasers crossed with an atomic beam. Branching ratios

to various states of the remaining ion are measured by time-of-

flight resolution of the photoelectrons. Angular distributions or

energy-resolved photoelectons are obtained by synchronous rota-

tion of the linear laser polarizations with respect to a fixed chan-

neltron detector.

We present results on our studies of doubly-excited states of

barium in which the two valence electrons have nearly equivalent

principal quantum numbers. The states of the ep* configuration

are of particular interest because of their connection to the molec-

ular picture of electron correlation. In addition to the direct pho-

toionization studies, we have collected angular distributions from

the autolonizatlon of the broad ep' 'S. level. Measurements or

angular distributions and' branching ratios to different ion cores

for the bound states are also reported.

1. J. L. Krause and R. S. Berry, Phys. Rev. A (in press).

2. P. F. O'Mahony and C. H. Greene. Phys. Rev. A 31, 250
(1985). and references therein.

3. M. E. Kellman and D. R. Herrick. Phys. Rev. A 22, 1536
(1980); D. R. Herrick and M. E. Kellman, ibid. 21. 418(l1gw). i. "'.-

4. 0. C. Mullins, R.-. Chien, J. E. Hunter II, J. S. Keller, and
R. S. Berry. Phys. Rev. A 31, 321 (1985)

5. 0. C. Mullins. R-I. Chien. J. E. Hunter III, D. K. Jordan.
and R. S. Berry, Phys. Rev. A 31 (May 1985).

6. 0. C. Mullins, J. E. Hunter Ill J. S. Keller. and R. S. Berry. -'-..

Phys. Rev. Lett. 64. 410 (1985).

..-..-..n...*..

................

.. . . . . . . . . . .. ..... . ......,..



72 F25

MICROWAVE IONIZATION OF Na RYDBERG ATOMS L

H.B. van Linden van den Heuvell, J.L. Dexter and T.F. Gallagher

Department of Physics, University of Virginia, Charlottesville, VA 22901

Recently it has been observed that electric field

", ionization of Na by 15 GHz microwave fields exhibits a ..

1/3n 5 scaling for Iml = 0 and 1 states,' and similar

observations have been reported for He
2
. This is sub- " "

stantially different from the 1/16n
4 

dependence observed

for quaai static fields. On the other hand the Iml - 2
4

states exhibit a 1/9n dependence which is what would .- ,....

be expected for hydrogen in a static or microwave field.

Between 15 GHz and the previous measurements done with

fields of frequency %l M9z it is apparent that several

changes occur in the dynamics of field ionization. In

an attempt to explore this we have begun systematic

measurements of the microwave ionization as a function

of frequency by changing the frequency in octave steps.

At 8 GHz we find that the Nalmil - 0 and 1 states for

16<n< 40 ionize at fields slightly higher than those

required for 15 GHz, as would be predicted by a sideband

picture recently advanced.
3  

Equally interesting though

is the fact that a new mechanism of ionizition of the

Iml = 2 states has been observed which leads to ioniza-

tion at a field of 1/21n
4
. Measurements of microwave

ionization at 4 GHz are currently underway. This work

has been supported by the Air Force Office of Scientific

Research.
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QUANTUM REGULARITY IN THE CHAOTIC CLASSICAL STADIUM SYSTEM:
IMPLICATIONS FOR IONIZATION, SPECTROSCOPY, MULTIPHOTON PROCESSES AND REACTIONS

Bai, Yi Yan, K. Stefanski and H.S. Taylor#-- -%.*

•National Research Center for Science & Technology for Development, Beijing, China

*Institute of Physics, Nicholas Copernicus University, 87-100 Torun, Poland

#Department of Chemistry, University of Southern California, Los Angeles, CA 90089 USA

Classical mechanics is often used to model quantum - -

processes such as ionization and collision phenomena. ,C< '

New phenomena such as chaotic diffusion ionization-

(Ionization of highly excited hydrogen atom in strong

microwave solids. Classically the electrons moves slow-- ,,

ly, but chaotically out of the atom) have been predicted

based on classical analysis
2 

and computations
I
. Surpris-

ingly, at least at first thought, quantum mechanics show-

ed no trace of such behavior
3
. Hence, the question arises

as to when and why classical and quantum treatments will

agree. The explanations of former years did not envision

such distinction as regular (quasiperiodic) and irregu-

lar (chaotic) motion. Here, and in a paper on quantu. -

stadium billiard problem 
4
, an explanation shall be given

as to why the quantum system exhibits both regular (loc-

alized) and irregular (delocalized) states while the

classical system is always chaotic and delocalized. Im-

plications for collision resonant complexes, spectroscopy

and ionization will be discussed. Exactly the same mech-

anism of quantum localization found in the stadium is

found by others
5 

to explain the spectra of hydrogen atom .I
-  "

in very high magnetic fields. This mechanism is the Born-

Oppenheimer adiabatic (BOA) approximation. What is new

here that never plagued molecular problems is the problem

of choosing the coordinates in which regular systems can

be treated by quantum number assigning methods as BOA

and self consistent field method. Assignment of quantum 
VIO -

numbers is shown to explain the absence of chaos. For

the Quantum Stadium the BOA supplies adiabatic invariants

that cuases the motion to be regular. In the classical

case the BOA breaks down and chaos is found. .-. .
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IONIZATION OF HIGH RYDBERG STATES OF HYDROGEN BY COMBINED AC AND DC ELECTRIC FIELDS

J. N. Bardsley, M. Comella and B. Sundaram

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260 USA

Bayfield and Pinnaduwage
I 

have reported experiments breaks down and alternative methods should be employed.

in which hydrogen atoms in selected high Rydberg states The simplest technique involves the expansion of the

at the edge of the Stark manifold interact with micro- time-dependent wave function in terms of the unperturbed

wave radiation at freQuencies between 6 and 9 GHz, for eigenstates and the numerical integration of the " --

a period of approximately 0.4 ,s. The intensity of the coupled equations relating the expansion coefficients. --

radiation corresponds to a peak field strength of 8-25 The solution can best be expressed in terms of the '.,
V/cm. Changes in the principle quantum number n are time-development operator T that describes the propa-

, onitored by the field-ionization technique. Separation gation of the wave function through one period of the

of the states with the same value of n is achieved AC microwave field. Numorical integration is then

through laser excitation in a static electric field of required only over this relatively short time period - -

strength 5-9 V/cm. Most of their data has been obtained and further propagation can be computed through matrix

for n=60 or 63. Classical theories of ionization multiplication. The structure of this operator will

suggest that states with n - 70 will be unstable for be demonstrated in the poster presentation.

fields in the middle of this range. Ionization from A third approach to a solution is through the

states with n 60 can thus be regarded as the con- direct numerical integration of the Schrodinger

sequence of a series of n-changing transitions. equation in parabolic coordinates. This approach

We are engaged in quantum calculations to see provides a more complete treatment of the effects of -

whether this ionization results from a coherent multi- the DC field but is most demanding of computer time.

photon excitation or from the incoherent combination of Results should be available at more moderate values of -"-

several n-changing transitions in an almost random walk n, and the progress in developing special techniques

through phase space. Such stochastic motion has been for high n will also be reported.

studied in classical calculations but it has been This work was supported by the National Science :'..'. .

suggested
2 

that the onset of stochasticit! occurs at Foundation. A.-,-
higher field strengths in quantum mechanics than in

classical mechanics and that the phase space diffusion References

may be slower. 1. J. E. Bayfield and L. Pinnaduwage, Phys. Rev. Lett.

Compar ison of the Rabi flopping frequency associ- 54, 313 (1985).

ated with n-changing transitions and the orbital 2. G. Casati, B. V. Chirikov and D. L. Shepelyansky,

frequency of the Rydberg electron suggests the intro- Phys. Rev. Lett. 53, 2525 (1984).

duction of a reduced field strength FO= n
5 
F, where F 3. W. J. Meath and E. A. Power, J. Phys. B 17, 763

is measured in ato'-ic units (51.4 x 108 V/cm.). For (1984).

F 1, transition strengths can be computed by standard 4. J. N. Bardsley and B. Sundaram, submitted to Phys.

multi-photon perturbation theory
3 
and the results are Rev. Lett.

very sensitive to the frequency of the microwave

radiation. Comparison between theory and experiment is

possible for several resonances. The positions of the

resonances are explained well by theory, but the ..

co" )uted values of their widths are smaller than the

apparent experimental values
4
. The discrepancy could

be due to the inadequacy of the perturbation theory, or

could 1dicate that the observed peaks contain contri-

butior; fro- several Stark states.

Evaluation of the dipole matrix eler-ents between

states with neighboring values of n shows that extreme

StarI states are coupled most strongly to other such

states. Thus, as a first approximation, one can consider

a sinqle manifold of states that we call the extreme

Stark ladder. When Fo exceeds 1, perturbation theory

1 "V : -A--
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MANY-MODE FLOQUET THEORY AND SU(3) DYNAMICAL FVOLI'TION OF .1 %

THREE-LEVEL SYSTEMS IN INTENSE BICHROMATIC FTFLDS*

Shih-I Chu's and T. S. Ho

t
Jolnt Institute for Laboratory Astrophysics, University of Colorado and

National Bureau of Standards, Boulder, Colorado 803n9 ITSA

Department of Chemistry, University of Kansas, Lawrence, Vansas 66n45 ISA .T

The SU(3) dynamical evolution of three-level sys- model space wave functions correct only to the zeroth ,-* .

tems at two- and multiple-photon resonances induced by order and elgenvalues accurate to the first order. , -

two strong linearly polarized monochromatic fields is Furthermore, while the PWA can only deal with senoen-

studied exactly for the first time by means of the tial one-photon processes, the "'FTr-%V,' anproach is

semiclassical many-mode Floquet theory (MMFT) recently capable of treating both one-photn and muttiphoto-

developed by the authors. 1,2 Within the rotating wave processes on an equal footing.

approximation (RWA), it has been recently shown by The MMFT-CVV method has heen re, entlv applied

several workers
3 

that the eight-dimensional SU(3) co- successfully to a unified treatment of hoth the K;'(3)

herent vector S characterizing the time-evolution of symmetries and symmetry-hreaking effects of disstpa- _"

the three-level systems can be factored into three in- tionless three-level systems at two-photon resonances -

dependent vectors of dimensions three, four, and one, induced by intense hichromatic fields.
5 

The M'4FT-CV

at appropriate two-photon resonance conditions. In technique reduces the infinite-dImensional time-inde-

practice, however, if the laser-atom interactions occur pendent two-mode Floquet Hamiltonian to a three-hv-

away from the two-photon resonance, or if the RWA is three (model space) effective Hamiltonian, from which

not valid, or if damping mechanisms are included, this essential analvtical properties and vivid genmetrv of

Gell-Mann type SU(3) dynamical symmetry will be broken, the eight-dimensional coherence vector are revealed

It is shown in this paper that instead of solving the for the first time.
5  

Also to he presented are the new

time-dependent generalized Bloch equations, the SU(N) analysis of the Svl(3) nonlinear dvnamics and coherent

dynamical evolution of the (N
2
-) dimensional coherent population trapping phenomena of dissipative three-

vector S as well as various symmetry-breaking effects level systems using the newly developed nonfermitian

can be expediently studied by the use of the MHFT and MMFT-CVV formalism.
6

expressed in terms of a few time-independent quasi-

energy eigenvalues and elgenvectors. Furthermore, the Work supported by 005 and ACK-PRF.

generalized Van Vleck (CVV) nearly degeiierate perturba- §JI[A Visiting Fellow (95). Permanent addresq:

tion theory
4 

can be extended to an analytical treatment Dept. of Chemistrv, 'nlversitv of Kansas, l.awrence,
KS 66045.

of the time-independent many-mode Floquet Hamiltonian.

The general idea behind the MMFT-GVV technique is to
References
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of the configuration Lpace (called the external space) P -17, 2101 (1QR4); K. I. flh, and '. K, u4,

diminishes to a desired order. One important feature Tsrael .. Them. 24, '37 ( .,.4)-
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of the MMFT-GVV approach is that if the perturbed model 3. F. T. tine and I. ". vherlv, Pvq's. v,.. A , ?A5 r R",O

space wave functions are exact to the nth order, the (1QR2); T. N. C(gii in hvs. tre. 5qr., 14
r
i (Iqgn).
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corresponding quasi-energy eigenvalues in the model Certain and 1. ,. 'irs"'uldr, '. Che,. "hvs. __,

space will be accurate to the (2n+l)th order. In that 597 (1970).
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TRANSITION MATRIX I4ETHOD FOR '1ULTIPHOTON IONIZATION PROCESSES

An-iony F. Starace* and Peter Zoller
+

*Department of Physics and Astronomy, The University of Nebraska, Lincoln, NE 68588-0111 USA

'Institute for Theoretical Physics, University of Innsbruck, A-6020 Innsbruck, Austria

A transition matrix theory is developed to treat The dipole matrix element for process (1) is calcu- 
%

. effects of electron correlations on two-photon ioniza- lated from < fID1. >, where D is the electric dipole

* tion transitions in closed shell atoms and ions in the operator and 1 > satisfies
5
,
6
:

Random Phase Approximation (RPA). The theory extends (E. + - H) I'> D'i>, 3)

the treatment of Chang and Fanog for single-photon ion- 1

Sization of closed shell atoms. The elpctromagnetic where Ei is the initial state energy, . is the photon

fipld interaction is treated in second order perturba- energy, and H is the system Hamiltonian. The matrix
ftion theory and electron correlations of the RPA type element <fIDIA> depends on the unknown functions

are included to infinite order. Ground and excited (Z 
= 

1 or 3), 0 , and <z > . In the simple repre-

intermediate states are represented by a sur of config- T

urations having a pair of virtually excited electrons fenAtion at s In (. f>. i aI otinuum ave

* i adiiontoth goun sat ~ sig>'~~ctei cnfg- function and o~ and - 1> are obtained from a pair
addition to the ground state or, sing!, excite(

. 
config- of uncoupled transition matrix equations derived by

urations. it is found that only one-particle functions, integrating the commutator relation,

representing certain projections of excited two- 
" 

the 
" r

particle wavefunctions, need to be calculated for the CHif> <II) = If> < + 'f> <i1D, (4)

intermediate state in order to describe electron corre-

lation in the RPA. The transition matrix equations for over the N-i coordinates of the non-interacting

the unknown single particle functions in the intermedi- electrons.

ate and final states are derived using the graphical References

method of Starace and Shahabi
2
. The summations over 1. T. N. Chang and U. Fano, Phys. Rev. A 13, 263
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tions for the effective intermediate state by the well- 3. A. Dalgarno and J. T. Lewis, Proc. Roy. Soc. A 233,3 70 (1g55).
known Dalgarno-Lewis method . Solutions of the equa- 4. C. Froese-Fischer, Comput. Phys. Conrun. 4, 107
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ionization cross sections, photoelectron angular 15, 661 (1977).

distributions, etc. 6. T. N. Chang and R. T. Poe, J. Phys. B 9, L311

Two photon ionization of argon, 
i.e.

Ar 3o6 + 2' -> Ar 3pS(
2
P) + e- (; =1 and 3). (1)

will serve to illustrate the theory. We choose the

following configurations for the final, intermediate,

and initial states respectively:

f> 13p
5 

.f 
1
L> (2a)

> !3p 5d 1p> + !3p5 ;d ip> (2b)

i> !3p6 1S. + * C(L'S')"3p
4
(L'S'); 

IS >  
(2c) ..-

d d

The initial state correlation functions, , and coeffi-

cients, C(L'S'), can be calculated using the multicon-

figuration Hartree-Fock code of Froese-Fischer
4
. The

use of an average function, d instead of functions

dependent on L'S', has been found to be a good

5 ~approximation
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EXCITED STATE PHOTOIONIZATION CROSS SECTION OF

Ne(ns') AUTOIONIZING RESONANCES

K.T. LU

Atomic and Plasma Radiation Division
National Bureau of Standards, Gaithersburg, MD 20899

The excited state photoionization process is a general feature: the effect of final state channel

major energy transfer mechanism in laser isotope sepa- interaction is factored out in terms of the slope of

ration processes and gas laser discharge tubes. A the phase shift which measures the width ofdv Is
recent investigation shows that the profiles of the Ne the resonance, and is independent of the properties J

(ns', J=l) autolonizing resonances vary witn the char- of the lower State. It has the following special

acter of the Ne (Zp
5
3p, j=1) state from whici the consequences: If the autoionizing state is excited

resonance is excited whereas the resonance width is from a pure singlet state only the sinylet final

constant.
1  

An analytic expression for this process is state is excited, since transition to a triplet

,iven here which accounts for all the observed state is forbidden. This corresponds to

features. 
-  

>> ,

In contrast with the closed shell ground state of Equation (1) simplifies to
Ne, the excited p electron has alternative ways to dt-E) 2(1-E) Va]  2

couple with the doublet tine structure core 2 d,- .2

?5( 2p 1/2, 312) to form two series with J=1. The We expect an autoionizing profile with zero oscillator

cnannel interaction between these two series of strength at v2  1-V p
1
, where Wp is the quantum

Rydberg states has caused the 
t
wo lowest 3p levels to detect of the IP, and a broad winy extending to tie

depart trcsn pure Ip and 3D, LS coupled eigenstate.
2  

blue. It the lower level is a triplet state, then

Tne channel interaction between the two s-channels is triplet state is excited. This corresponds to

also well known.
3 

Taking into account channel L ,-d --- 0 in Equation (I). Zero oscillator

interactions in both lower and upper state, the strengtn is now expected at v2  1-0d2 and a broad

photOionization cross section of the np to n's' wing to extend to the red. If the exciting level has

transition can be expressed as, a mixed singlet-triplet character, both terms in

Equation (1) are important. We then expect the
of dT--- 0E 2(E-E profile to depart from the above special cases, whichdE0 dv2 S is in agreement with the observations.

1

The excited state dynamics of the electron-ion

LI 1 1 V sin i v 2 _ )+ i 2 v 2 3 sin (v 2 v 2 ) ( _ ) n 2"- -
"  sy stem desc ribed by Equat ion (1 ) is exp ressed in te rm s

O2 IO'2 of quantum defect parameters, the eigen quantum detect
d(-v

[ v
3 + v,3( 'np ,n the mixing angle 0, and the dipole transition

amplitude U.. These parameters are Known for both- -

upper s- and lower p-cnannels. 2 , 3  
Therefore, the --

where -- and repre sent the slope ofthe whole sequence at n's' autoionizinv resonance withn
dv2'5 2 varyin 0 lower state np can be evaluated. A detailed

eigenpnase shift for s' autoionizing resonances and coiparison with data is subjected to further

slope of the quantum defect for p-channels experimental easurements.

respectively. The eigenphase shift nT representing References

the electron-ion short range scattering effect is ".a, ab . to n.er h1. J. Lianz, M. Raab, H. Hotop, and J. iieijer, phys..., , -.

extracted from the discrete energy levels of the s- Rev. Lett. b3, It47 (1984).

series. ' The slope of the eiyenpnase shift ri at the Z. A. F. Starace, J. Phys. bb, b '191)..

position of the resonance measures the width r of the
profile. v and v2 are effective quantum 3. K. T. Lu died M. Mansfield, "Electron and Photon

resonance pInteraction with Atois," ed. H. Kleinpoppen and

numbers relative to the ionization limits ?p 5
(

2
P, 2) M. R. i,. Mcdowell, Plenjm, i.Y., 197!, P. bl.

and 2p
5
( 
2
P112 ), respectively. I1 and 12 are intensity 4 K. 1. c,, PhyS. 1ev. A4, b19 ,ly?,.

factors independent of energy. The values _V, and v 2

determine that effective quantum number v2 where the

oscillator strength is zero. Equation (1) has a

...............- .. . .. i.''-',**- -* '. *-.
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THEORY 3F MULTIPHOTON IONIZATION AND AUTOIONIZATION OF Xe

Pradip Gangopadhyay, Xian Tang, P. Lambropoulos and R. Shakeshaft

Depirtment of Phys.cs, Uriversity of Southern California, Los Angeles, CA 90089-0484

Experiments on multiphoton ionization of rare periodicity whose origin can be traced to the structure

g:3,s, especially under large laser intensities, have of the Lu-Fano plots. Many of these peaks are quite

genr~ied , wealth of data on vaious aspects of the narrow, and it is doubtful that they would have been

9
process. Xe in partllour has rveeived considerable seen in single-photon ionization experiments. Our ,

alttrtion in studiec of miltiphoton ionization calculation includes J=3 states and resonances, but so

r itu-,-uItiphoton ionization, as well as above far we have found that they are dominated by the J-1.

ro iza1 ion.
3 '4

.
5  

Yet tne theory of these We do not expect this to be a general feature of this

proTs in rir' gisCs other than He is virtually process in Xe but rather a circumstantial result due to

no'n-exi5tnt. :n fact, except for in early the energy and frequency range of our calculation up to

-alulatiorn of 2-photon ionization of Ar, to our this point. Angular distributions of the photoelectrons

... edge, there are ro calculat ions on these I well as 4-photon transitions, including one above

prcc-sses. threshold, will be reported.
in. view of the ,per ental interest in these From the results of our calculations so far, it is

atoms, we have undertaken a systematic theoretical clear that detailed experiments are necessary as further

study of multiphotcn processes in rare gases beginning guidance for the theory of these complex processes in

with Xe and Kr. We have formulated at first 2- to such complieated systems.

S-proton ionization of these ators, including the R f e c

legion of autolonizition that is known to exist between " " .-

the two thresholds. The objective is to calculate Work supported by NSF Grants PHY-8306263 and
PHY-8119010.

muitiphoton iorization, autoionization, photoelectron

angular distributions, double ionization, as well as 1. A. L'Huilller, L-A Lompre', G. Mainfray and C.
Manus, Phys. Rev. A27, 2503 (1983).

wave-mixing. Particular attention is to be paid to _"

transitions involving the ns subshell below the outer 2. T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger
6 7 and C. K. Rhodes, Phys. Rev. Lett. 51, 110 (1983).

np~ subshell. Experiments by Rhodes et a!. have shown

that such transitions play a significant role in 3. F. Fabre, P. Agostini and G.Petite, Phys. Rev. A27,
1682 (1983).

multiple ionization as well as wave-mixing.

In this paper we present results on Xe. The 4. P. Kruit, J. Kimman, H. G. Muller and M. J. Van der -;"-Wiel, Phys. Rev. A28, 248 (1983)• -.. 2'' ..

caculation is based on multichannel quantum defectWelPhsRv.A82A(13)

theory as employed by Lu in the analysis of Xe. We 5. R. Hippler, H-J Humpert, H. Schwler, S. Jetzke and
H. 0. Lutz, J3. Phys. B L713 (1983). - -. '.

obtain wavefunctions by using the Lu-Fano plots. The H 0. L J.7.

summations over intermediate states are for the moment 6. M. S. Pindzola and H. P. Kelly, Phys. Rev. All, 1543
(1975).

performed by truncating the series. As of the writing

of this abstract, we have obtained 3-photon ionization 7. K. Boyer, H. Egger, T. S. Luk, H. Pummer and C. K.Rhodes, JOSA 8, 1, 3 (1981); also private " '' ""

cross sections through and including the autoionizing communication. 13(94Oaspi-

region. The total generalized cross section has been

79 8. K. T. Lu, Phys. Rev. A4, 579 (1971).
found to be in the range of 10

8 0 
to 10

-  
cm, see

Substantial structure hv been found between the P3/2 9. U. Helnzmann, J. Phys. B13, 1353 (1980); ibid 13,

and P1 /2 thresholds. 
Autolonizing peaks show certain 4367 (1980).
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AN L QUANTUM-DEFECT TREATMENT OF MULTIPHOTON IONIZATION

John T. Broad

Fakultit fUr Chemie, Universitit Bielefeld, D4800 Bieleteld, FRG

Introduction

Recent experimentsmeasuring multiphoton ionization which closely resembles the traditional description

of atoms demand a theoretical interpretation more so- of the autoionization of a Rydberg state perturbed by a . - -

i4 phisticated than can be provided by simple tradi!:onal single interloper, albeit with the especially long-ranged '

perturbation theory. While the very existence of ff- dipole coupling. The +2, +1 and 0 in the figure designate . J -"j

- resonant and free-free transitions indicate a strong photon number differences from the well defined and large

perturbation of the atom at high laser intensities, a average photon number of the coherent field. To achieve --

correct treatment of the field broadening and shifting accurate results, we included photon number one higher

* of near-resonant transitions through Rydberg states and one lower to account for the Stark shifts of the -

already requires a non-perturbative approach even at states of interest.

moderate field strengths. Here we present a Floquet
fruainuigaseil2 2_

formulation using a special L basis for the radial L -Basis Expansion

" electronic degree of freedom to generate an efficient As reported in the perturbation calculation of Ref.3

algorithm for computing multiphoton ionization of atoms, representing the Coulomb spectrum analytically in a

special Laguerre-Slater L
2 
basis allows eflicient -. -

Floquet Formalism2 extrapolation to completeness of free-free transitions

By including the photon number operator, N, the as well as economical expansion of the bound states.

total Hamiltonian for an atom in a field of a single Moreover, the Pade-approximant extrapolation used -

frequency, defines an analytic continuation to slightly negative

energies to reveal the quantum-defect perturbation ot -

H H + N, + p + A2 the Rydberg states caused by the A p part of H. This

atom means that the broadening of the Rydberg series into a

i becomes time-independent to allow evaluating the time quasi-continuum is caused solely by the Rabi oscillations

evolution of an atomic bound state hit by the laser at to the ground state and not by ionization.

t = 0 as the Laplace transform of the time-independent

resolvent of H. In this dressed state picture in a Hil- Results

bert space spanned by products of atomic with photon Test results are presented for the two-photon ion-

number states, the ionization process can be pictured as: ization of a one-electron atom near the threshold for

single-photon ionization. Extension to many-electron atoms

by represent ing the bound states et interest ot the ioni

_______core in a Slater basis is conceptually straightlorward.

Reteren c es

ground Rydberg free I . P. Kruit, .. Kimmati, 1I.t. Muller and ,.J. Van der icel,

state sar 1o3 state Phys. Rev. A 28, 248 (1983).
+2 +1 +0

photons photon photons 2. A. Maquet, S-1. Chu and W.P. Reinhardt, I'hys. Rev.

A 27, 2946 (1983).

3. J.T. Broad, to appear in Phvs. R,v. A 11, (1985).
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SCATTERING AMPLITUDES BY MEANS OF THE COMPLEX COORDINATE METHOD, .. -
COMPTON SCATTERING AND TWO-PHOTON IONIZATION p- .- .- ."

Piotr Froelich ,

Department of Quantum Chemistry, Uppsala University, Box 518. S-75120 Uppsala, Sweden ....

The serious problem of theoretical spectroscopy is ground state and square integrable functions are used.

that the cross sections are based on the expressions of The CCM facilitates the infinite summation/integration

the formal scattering theory, which are highly singular over intermediate states, and the mumerical effort is re-

and computationally untractable. The present work explores duced to diagonalization of the matrix representing the

a way to harness the singular nature of these expressions, complex dilated Hamiltonian of the target:

and to give them an explicit and computationally tractable AW--, .,olmeaning~~and H(O-; Ei-cz , top;
= 

1hj FE - complex ...- ,

*meaning.

The inelastic scattering of photons and electrons on Test calculations employing the hydrogenic target are

atomic targets is conveniently characterized in terms of presented below. The isoenergetic cuts through the Bethe

the so called Bethe surface /1/, which gives the depen- surface for Compton scattering reveal the Bethe ridge (and,

dence of the cross section on energy and momentum trans- consequently, the Compton profile). One can also study the

fers. Compton defect - deviations of the position and shape of

this profile with respect to predictions of the sudden-im-
We report the possibility of calculating the (first- pulse approximation. Such deviations are significant at

order) Bethe surfaces and/or higher order scattering am- low energy transfers, and close to the ionization thresh-

plitudes, by a method based on the L
2 
discretization of hold (E=1.O Ry) the Compton peak ceases to exist. . '-

the continuum, implemented within the complex coordinate

method (CCM) /2/, and without explicit calculation of the The two-photon iolization spectrum shows very good

final continuum states. agreement with the exact analytical /5/ and Floquet /6/

The (first order) transition amplitude controlling calculations, and is extended to the near-threshold re-

the Bethe surface (here for Compton scattering) is calcu- gion, where the exact results have not been reported.

lated as /3/: The present approach is very straightforward, yet it

-* (o - egives the beyond sudden-impulse approximation results in

a non-analytical way, by an atomic s
t
ructure calculation

E E which is applicable to many-electron atoms.

- i~r -~ K Er tMj,6diainagewith Q(K)=e , Kkf- 2 , E=tiPI.J 2z 9~dilation angle. References

The second order transition amplitude (here for two- 1. see e.g. M.Inokuti, Rev.Mod.Phys. 43, 297 (1971)

photon ionization) is calculated as /4/: 2. see e.g. W.P.Reinhardt, Ann.Rev.Phys. 33,223 (1982)

and the references therein.

l~Ike ( ot )('f: [va(Ol ' ,~ >(9I'(O)I~A~ I , 3. P.Froelich, A'Flores-Riveros and W.Weyrich, to

as a 0 a ~ I * appear in J.Chem.Phys.

_ _- 4. P.Froelicn an' A.Flores-Riveros, subm. for publ.

, 5. F.T. Chan and C.L.Tang, Phys.Rev. 185, 42 (1969)
6. B.R.Johnson and W.P.Reinhardt, Phys.Rev. 28, 1930 (1983) -,---=--

with VA being the dipole operator. In both cases only the 
• a
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THEORI OF FREQUENCY CONVERSION BY MIULTIWAVE RAA PIOPAGATION* %

A. P. Hickman*. J. A. Paisner
+ , and W. K. Bischel

e

*Chemical Physics Laboratory, SRI International, Menlo Park, California 94025 USA
+Lawrence Livermore Laboratory, Livermore, CA 94450 USA

The propagation through a Raman medium of a pulse

with several frequency components wn-w0+nwR, where woI I I I I I I

is the initial laser frequency, and w. is the frequency 12______

of the Raman transition of the molecules of the medium,

is a complicated process. A complete theory must 2

simultaneously treat the pulse propagation with

Maxwell's wave equation, and the two-photon inducedW

molecular transitions with Schroedinger's equation.

Recent experiments have demonstrated the practical >

value of the process as a means for frequency conver- u 0
-3

sion. Efficient conversion has been observed in H2

into modes as high as k-8. However, existing theore-
0

tical models predict a conversion efficiency several X

orders of magnitude too low. We have developed a 10-4 ft-

theory that includes the full nonlinear response of the IN

(two-state) molecules, and present preliminary results 10-4_

that exhibit very high conversion efficiencies. 0 2 4 8 9 10 12 14 is is 20
Z/L

We consider the one dimensional Maxwell's wave -330=4

equation for an electric field of the form , oLItvroedI "''-"."2

t~~inI(t - c/c) " ""

E(z,t) - En (z,t) e n + c.c. (1)
n

Th fel apltuesEns tisy.
2  The Initial conditions of the pulse are as

follows: 5 mJ in the pump laser and I mJ in the first
8E 4xpe12  - (2 Stokes are focussed to a bean area of 10

-
4 cm

2
. The-6z - c w. [0 Fk+l - 0 En-l] (2)""""'--

FW N of the pump is 4 nsec; the PWiRI of the Stokes is 2

htotnsec, and the Stokes pulse is displaced 2 nsec from the- .w h e r e a 1 2 i s t he t r a n s i t i o n p o l a r i a b l t y ( a s s u e d p u m t o a r t h l e d n e d g of t e p l s . T i

independent of frequency), p is the number density, 1 pp o d h l i eg f e u . i
results in a 4.32ii pulse. The Stark shift is included,

is related to the components (u,vw) of the Sloch vec-
try"i vi" he iden bl, n and relaxation times are assumed to be long compared totor by 0-e'3(v-iu)/2, where 0is defined below, and

the time t is replaced by the retarded time %-t-z/c. the pulse length. We have calculated the fraction of

the total initial energy that is converted to several -
The Bloch equations may be formulated using a

two-photon Rabi frequency higher order modes as a function of the distance of
propagation of the pulse in units of the characteristic

Q(zt) e i(zt) h distance L, which is approximately 1.1 cm divided by
o~zt)• e~~t ,(al2/h) I En E - (3) .. .

n n the density in amagets (1 amagat - 2.7 x 1019 cm-
3
).

that satisfies

1/2 References
a- i) . - ( 2+ Q(,,r)21 O(ZO (4)

Z [L I. (. Eimerl at al., Phys. Rev. Lett. 46, 651 (1981).

2. J. R. Ackerhalt. Phys. Rev. Lett., 46, 922 (1981).
where the characteristic length L-c/(4= 12 ft), and

F(r) is determined from the initial conditions. Eimerl *Supported by NSF Engineering Grant ESC-8213373.

et al.
1 

used a perturbation solution for p. We have

obtained fully numerical solutions, and present in the

figure the results of a preliminary calculation.

. . ......... ._'_
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BISTABLE AND CHAOTIC BEHAVIOR OF DRIVEN MOLECULAR SYSTEMS

Jian-Min Yuan, Mingwhei Tung and George C. Lie*

Department of Physics, Drexel University. Philadelphia, PA 191U4, U.S.A. 6
*On leave from Chemistry Department, National Tsinq Hua University, Taiwan, R.O.C.

A diatomic molecule in dense medium is shown to investigation.

exhibit bistable and chaotic behavior when driven by an Re.erence• ~~Reference "---

IR laser field.Two models have been analyzed for such 1 G.L. Lie and J.M. Yuan, unpublished

behavior: A classical Morse oscillator and a quantum 2. J.M. Yuan, L. Liu, and M. Tung, J. chem. Phys. 79, *-..,.

an-narmonic oscillator. The third model of a quantum 5034 (1983).

Morse oscillator based on an SU (2) algebra is being 3. E. Liu and J.M. Yuan, Phys. Rev. A29, 2257 (1984).

investigated. We discuss each of these models below. 4. J.M. Yuan, E. Liu and Y. Gu, unpublished r

For a damping constant and driven field amplitude 5. R.D. Levine, Chem. Phys. Lett. 95, 87 (1983).

simulating an H gas irradiated by an IR laser under a 6. M. Tung, E. Eschenazi, and J.M. Yuan, Chem. Phys.

high pressure condition, we show by solving the class- Lett. to appear

ical equation tor a Morse oscillatorl, that bistability

exists for a large range of driven frequency. For a

larger damping constant simulating, for example, an

admolecule on a solid surface. We have determined the

bistable domain as a function of field frequency and

amplituae. veriodic solutions have been found for both

the upper and lower branches and their relative stab-

ilities determined by calculating the Lyapunov expon-

* ] ,. ents. Solutions of both branches go through an infin- .. ,

ite sequence of period-doubling biturcations leading to . .'

" chaotic behavior as we vary the driven trequency grad-

ually. The two chaotic regions do not occur in the

same frequency range.

Simiiar bistabie behavior has been found in analy-

zing a quantum statistical model of an anharmonic os-

cillator in contact with a reservoir . But in this

* model both the upper and lower branches are stable.

When an amplitude moaulation of the driven field is

introduced, the periodic solution or the upper branch

goes through a sequence of period-doubling bifurcations

leading to cnaos as the modulation frequency varies.

We have determined the bifurcation diagrams for this

brancn and calculated tne Lyapunov exponents for this

sequence. A strange attractor in the chaotic domain

has been examined by taking Poincare surtaces ot sec-

" tion on a series on 12 cutting planes. 4

S"In order to answer the question whether a quantum

Morse ocillator behaves differently from a correspond-

ing classical one, we nave carried out a study ot a , 4
quantum Morse oscillator in contact with a reservoir.
The mamiltonian of a Morse oscillator can be expressed

in terms of generators ot an bU(2) algebra. 5 The

reservoir is modelled by a oath of harmonic oscillators. ,..

-* Its dissipative contributions to the Morse oscillator

have been derived and expressed as irreversible terms
6- in a Liouville-von Neumann equation. Dynamical

behavior of such a driven damped system is under

7T2
__ . . , -

- .....
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PHOTOABSORPTION OF EXCITED MOLECULES MANIFESTATIONS

OF COOPER MINIMA IN THE SPECTROSCOPY OF RYDBERG STATES

F. Masnou-Seeuws* and Ch. Jungen-
*Laboratoire des Collisions Atomiques et Moldculaires, Bet. 351, Universit6 Paris-Sud, 91405 ORSAY Cedex FRANCE

+Laboratoire de Photophysique Moldculaire du CNRS, Bit. 210, Universitd Paris-Sud, 91405 ORSAY Cedex FRANCE

The existence of zeros of dipole matrix elements, first fringe, together with rotational line intensities

Known as Cooper minima, is well-known from photoionization calculated by MQDT : the spectral concentration of
of atoms.1 The conditions for their appearance are quite intensity owing to absence of s and d lines is evident.

restrictive for ground state atoms but much less so for We expect to show that Cooper minima are at the basis

atoms or molecules which have been prepared in an excited of a variety of phenomena observed in molecular multi-

state.2 In many current experiments molecular Rydberg photon spectra.

states near threshold are excited by optical-optical

double resonance, in a two-step excitation process via a

low Rydberg state. Examples include the NO, Na2, Li2 and 8 40
H2 molecules.

3 "6 We have initiated a theoretical study of b b.-.
the Rydberg-Rydberg dipole transition moments in order to to -" ,-- 4E)-6 :

ascertain whether some of the unexpected observed features * -

could be traced back to strong energy variations, and in 0

particular to the occurrence of zeros in the relevant __ . 0 i

dipole amplitudes. sO__ _
" 

-- _ _

The manifestations of Cooper minima in molecular JA w-22 -
"

Rydberg spectra are not obvious because of the high number

of Rydberg channels and since nuclear and electronic

motion are strongly coupled. The interpretation of such

spectra is best handled by multichannel quantum defect
theory (V"QDT) 7 , a key element of which is the descrip-

tion of the radial motion of thhase-shftedeCoulombuwavefunctions.

In the spirit of Bates anJ Damgaard8 we evaluate the

dipole amplitudes betweer Rydberg states numerically in
terms of the same phase- hifted Coulomb functions which

underlie the quantum defect treatment.

As an example we present the calculation of the .
transition moments corresponding tn excitation of high 39830 39880 cm
Rydberg levels nso, ndo, ndr, nd6 (n>.O) of Na2. Labastie

et al. 4 have studied these states exrerimentally by References

pumping the 3pc A state of NaZ They observed the appear- 1. U. Fano and J.W Cooper, Rev.Mod.Phys. 40, 441 (1968)

ance of striking "fringes" which stand out from the other- and references therein.
2. A.Z. Msezane and S.T. Manson, Phys. Rev. Lett. 48,wise blurred Pydberg pattern at regular intervals. While 473 (1982)

the fringe effect could be accounted for readily within 3. M. Seaver, W.A. Thupka, S.D. Colson and D. Gauyacq,
the existing MQDT framework, it required the assumption J.Phys.Chem. 87, 2226 (1983).

of substantially reduced dipole transitions ns-3pr" and 4. P. Labastie, M.C. Bordas, B. Tribollet aid M. Broyer,
nd-3pcas compared to nd-3pc. 4  Phys. Rev. Lett. 52, 1681 (1984).

Fig. 1 demonstrates that the fringe effect is indeed 5. 0. Eisel, W. Demtr6der, W. MUller and P. Botschwina,
Chem. Phys. 80, 329 (1983).

related to a minimum in the so and do excitations. At the 6. S.T. Pratt, P.M. Dehmer and J.L. Dehmer, Chem. Phys.

top are plotted the squared radial dipole integrals Lett. 105, 28 (1984).
involving ns and nd states as functions of the quantum 7. W.J. Seaton, Rep. Prog. Phys. 46. 167 (1983).
defects. rhe observed quantum defects from Ref. 4 are 8. D.R. Bates and A. Damgaard, Phil. Trans. Roy. Soc.

London A242, 101 (1949).
indicated by arrows : it can be seen that sc and dc fall

near a minimum while div does not. At the bottom is shown

a section of the observed spectrum corresponding to the
• . . .- ' . °
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ROTATIONALLY REOLVED THREE - PHOTON IONISATION OF Bi2

STUDIED IN THE GASPHASE AND IN A MOLECULAR BEAM

B.Biihler ,C.Cremer, G.Gerber,J .Janes

Fakult~t fUr Physik, Uriiversitiit Freiburg, F.R.G.

Multiphoton excitation and ionization is used to ------ ~-----v-
study atomic and molecular bismuth in the gas phase *N V.'.
and in a molecular beam. Pulsed dye-lasers pumped ~~.
by 3 ns pulses of a N -laser are employed for the - .

exprimnts Survy s Ictr are obtained with a
grazing incidence type dye-laser of 0.1-0.2cm-I

bandwidth while for high resolution studies an 2

o scillator-amplifier dye-laser system with O.01cm-
1

bandwidth is used. The different processes are de-
tected by measuring the fluorescence from excited
states and the ionization signal with a thermionicdiode in the gas phase experiments or by measuring
the mass-selected ion signal with the Time-of-Flight i Iii II II iI IIIlIIImethod in a molecular beam. 251 % ot R01IThe analysis of Rydberg series of Bi, excited by
two-photon dissociation of Bi followed by one- M1/ 21400i

* photon excitation, gives an iiproved value for the
atomic ionization energy of E=58761.7±O.1cm-1 (1). Fig.2a Rotational resolved band head of the

lower threshold energy for the dissociative v 7-= tasio ofB 2 (A-X)
ionization of Bi 2 is determined from wavelengths
depen~eat three- and four-photon ionization spectra v v ., v VVvVvVV (V

of Bi and Bi (2)
The ionizatign of"Bi2 is studied by various one &(I

* colour and two colour multiphoton experiments. In
these experiments we observed an interesting three-

* photon ionization process where we were able to re-
solve the rotational structure in the ion signal *~

from the bsnd head up to Jw,200 as shown in fig.l. .
For this specific ionization process we find a re- I I

* ~~markable difference in the ionization probability A i l I
for P(tiJ-1) and R(tiJ=+1) transitions involving AIAJ/ 4 /~t\
higher J values. Figs.2a and 2b show high resolution Uv J kkv,
scans of parts of the ionization spectrum. The P 10S- 100 is- - l /~ l p
and R lines overlapping in the region of the band - - -1/0i

head are completely resolved for higher J. Their - n~_
intensities are comparable uD to J%80. But for even

6'P.p Y I I
6p~)pJ~3l 46660 1.6650

* ~ f Fig.2b Part of the ionization spectrum showing
_______________________________strongiY different P and R intensities

R0501i R0I30 R010) ~ l References
1.B.Bujhler,C.Cremer,G.Gerber, Z.Phys.A320(1985) 71
2.B.BUhler,C.Cremer,J.janes and G.Gerber

Ber.Bunsenges.Phys.Ches. 88 (1985) 00
3.I.Kov3cs, Rotational Structure in the Spectra of

Diatomic Molecules(Hilger,London 1969)

1.680 4.670 1.660 X(nml ()----- -- B(P)B(5,

Fg1Three-photon ionization spectrum of Bi2  Levi B 2 "

higher J the P line intensity slowly decreases while
the R line intensity increases until the R line is
about ten times more intense than the P line. This
is shown in fig.2b. The analysis of the energies of

* the resolved rotational lines show that they belong6
* to the v s37-v"-4 band of the A(3rT0)-X('E . transi-

tion of Bi and that they represent the Rrst exci-
tai step as ahown in fig.3. The ionization pro-
cess involving this excitation step procel ds via
a two-photon transition from the A(3flQ) state to 4.
the ?rT, ,round state of Bi*,. The rotation-al 1l vels

o f an Lfxcited electronic ttate 3Fare energeticaly 2 '37A

tive change of P and R line intensities if there-S-3B2) + B+i Sd
fore mainly due to the varying -ner'gy defect Lw in_________
the two-photon transition matrix element since the
K-dependent splitting of rotational levels F and
F (of 3Z ) change in 3 mann-r that tw 9-ts l-r'
f~r P transitionsvwhilo ~w iser-1uc - for R transi-
tions. The relative intenni s further depend on 4
the diffe rent rotational line strengths for Pi' nd ,'.-~24
R transitions between a ITT -state and a~ 3,Statorl).
The ionization energy oftWi dptermined rom - Fig.-3 3chv'mitic rotonti tl curve diirram for the
multiphoton experiments i sE I -)5002('Cc m *thr.e-nhoton jonizition -rocon:; in Si-,

.....
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RESONANTLY ENHANCED HULTIPHOTON IONIZATION AND PHOTOELECTRON SPECTROSCOPY
OF NeXe, ArXe, KrXe, AND Xe2

P. N. Dehuer, J. L. Dehuer, and S. T. Pratt

Argonne National Laboratory, Argonne, Illinois 60439 U.S.A.

' .i.% "

Resonantly enhanced multiphoton ionization (REMPI) is shown in Figure 2. The REMPI-PES of Xe2 were *... .,

spectre of NeXe, ArXe, KrXe, and Xe2 were obtained in recorded at a number of wavelengths and the relative

the wavelength region corresponding to two photon

transitions from the atomic Xe ground state to the Xe*

5d and 6p states. The spectra were obtained using an a

apparatus that combines an unskimmed, cw supersonic ."
Z

molecular beam source with both a time-of-flight mass 

spectrometer and an electrostatic electron energy - 0 o 0° 0,

analyzer. Several new progressions of vibronic bands 0 % * * _

were observed for all four rare gas van der Waals I t t t t
R~w 0"* - 00 0 +-

molecules. These bands arise from two photon, bound- M! -" -0
bound transitions from a ground electronic state to o

various resonant intermediate levels, and are detected 0 - 0 * * * - .

by single photon ionization of the excited state. >

Because two photon transitions from the ground state of 1
Xe2 access states of gerade symmetry, none of the X4i

homonuclear bands have been observed in earlier single

photon absorption studies, although a small number of 0.8 .2 20 2.4 2.8

the heteronuclear dier bands were observed previously ELECTRON KINETIC ENERGY (eV)

by Castex.
1 

The KrXe bands observed to the red of the FICU19 2. The photoelectron spectrum of XrXe following

atomic Xe 
6
p[

5
/
2
12 transition are shown in Figure 1. WWI via the (0,0) band of Figure 1. - -

intensities of different electronic states of Xe2 + are

strongly dependent on the resonant intermediate level,
KrXe

-  
KrXev KrXe X I v -0 thus providing information on the electronic character

3 2 I 0 of that level. In addition, the absence of photo- ..'....:

electrons from atomic Xe allows the first observation of
Ln
z photoelectron peaks corresponding to the weakly bound

2R3/2. and D '/2g electronic states of Xe2
+  

t

z providing lower limits for the dissociation energies ofSXe* 6p 15/2) 2 .
2 2  these states.

1: Some of the rare gas dier bands lead primarily to
a.

the formation of the corresponding dier ion, while

I ,others lead almost entirely to the formation of Xe
+ .

The PES show that the Xe
+ 

formation results from the
2560 2564 2568

predissociation of the intermediate level followed by

LASER WAVELENGTH (A)
FIGU

m
R 1. The two photo. reaonant, three photo. photoionization of the excited atomic fragment, for

ionization epectrm of erXe. example in Figure 2, KrXe* - Kr + Xe* - Kr + Xe+ + e.

The PES allow the determination of the dissociationI We have also obtained the photoelectron spectra
limits of the predissociating states, providing new

(PES) of ArXe, KrXe, and Xe2 without interference from
inforsiation on the potential curves of the rare gas .~.

either atomic or (in the case of the heteronuclear
dirts) homonuclear dimer photoelectron peaks by using dimer. -.. "-

REMPI to selectively ionize the van der Waals molecule This work was supported by the U.S. Department of . . .1k",:" "l %
of interest. The photoelectron spectra of ArXe and KrXe Energy and the Office of Naval Research.

are the first such spectra of a heteronuclear rare gas Reference . . . - - -

dimr obtained by any technique. The REMPI-PES of KrXe 1. M. C. Castex, J. Chem. Phys. 66, 3854 (1977).

obtained at the wavelength of the (0,0) band in Figure I

. . .-.............-. ,
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MULTIPOTON IONIZATION OF BENZENE, VINYLCHLORIDE

AND TRIFLUOROETHYLENE AT 193 NM

Michel J. Rossi, Hanspezer Helm, and Donald C. Lorents .

Chemical Physics Laboratory, SRI International, Menlo Park CA 94025

Several large polyatofic molecules are known to The ratio of the Ionization yield C for benzene at

have large miltiphoton ionization (MPI) yields at exci- 248 and 193 nm is given in equation (1), from which it

met laser wavelengths. MPI cross sections can be is apparent, that the ion yield at 193 nm is substant-

extracted from experimental yield data when the photo- tally smaller than at 248 nm.

dynamics of the intermediate state in the case of

resonant KPI is known. Such cross sections are the C () .. .. -5

transferable parameters describing the multiphoton pro-

cess under a variety of experimental conditions and are This result can be understood on the basis of a signi-

therefore highly desirable for a consistent description ficantly shorter lifetime for the one photon excited

of MP!. molecular system at the shorter wavelength. From

we report quantitative measurements of relative relative ionization yield experiments with vinyl-

fractional ion yields of benzene (C6 H6 ) at 248 and chloride (VCl) and trifluoroethylene (TFE) at 193 nm we
obtained the following fractional ionization yield "

193 no, from wich absolute ion yields and cross sec- otn .fr.-

tions for the 193 nm two-photon resonant MPI process ratios given in equations (2) and (3):

were derived using a recently completed study of the 9.3-. 19 2.

absolute ion yield at 248 nm [BE851. The measured C I
93
VC1/C 

93
B,=208 cm

2
/mJ (2)

relative ion yields for vinylchloride (c2 H3 CI) and

trifluoroethylene (C2 F3 H) at 193 nm were then put on an C1
9 3

TFE/C 
9 3
Bz2.22 10

-
3 cm

2 
/.1 (3) .. "

absolute basis using benzene as the standard at 193 nm.

The tP! spectra were obtained in a tiac-of-flight Due to the different intensity dependence for the Mpl -

(TUF) mass spectrometer which was designed to allow the fragments these ratios are not dimensionless parameters

but are functions of the laser power.
interaction of a collimated laser beam with the plume

of a gas expanding in a free jet. The mass spectrum Absolute cross sections for the relevant MPI--.- - .

was calibrated with the photofragment ions of the cited transitions can be calculated and interpreted in terms

compounds in a tightly focussed beam geometry. of a network of competing molecular processes (e.g.,Idissociation, or internal conversion.) :

The salient features of the mass spectrum at ds"ao or i l.

around 1.0 x 106 U/cm
2 

are the following:

For benzene at 248 nm only the molecular ion at References

m/e-78 was found. At 193 nm m/e-78, 64, 52 and 39 [BE85I W. K. Elschel, L. I. Jusinski, N. N. Spencer

corresponding to C6 H6+, C 5H4+
, 

C4 H4
+ 

and C3i3
+ 

were and D. J. Eckstrom. accepted for publ.cation

detected. The power dependence for the molecular ion in J. Opt. Soc. B (1985). ,A

as well as for the fragment ions was found to be a

quadratic function of the laser power.

The resonant MPI for vinylchloride at 193 nm

resulted only in the presence of HCl+ at m/e-36 and

38. No parent molecular ion could be detected and the

H 
+ 

signal had a cubic dependence on laser power.

The resonant KPI for trifluoroethylene at 193 nm

resulted in the presence of m/e-32 corresponding to

CHF+, which also had a cubic dependence on laser

power. The parent molecular ion at m/e-82 could not be

detected.

........................... "..........."."..0.. ......
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I.R. MULTIPLE-PHOTON EXCITATION AND DISSOCIATION OF SILICON COMPOUNDS ."

E. Borsella, L. Caneve , R. Fantoni, R. Larciprete , A. Giardini-Guidoni
ENEA, TIB - Divisione Fisica Applicata, C.R.E. Frascati, C.P. No. 65, OOO4 Frascati (Rome), Italy '

Collisionless multiple-photon excitation (MPE) of These results are confirmed by MPD experimaents k

polyatomic molecules by I.R. laser radiation has be- performed on SiF 4 seeded in Ar (90%) under molecular

come a field of major significance during the past beam conditions. Two frequency MSD spectrum of SiF is

decade. From results obtained in our as well as in other reported in Fig. 2 and shows a maximum at 1025 cm fol-

laboratories aotive in this field, it comes out that lowed by a series of oscillations at lower frequencies.

multiphoton resonances play a major role in MPE of the As in case of other polyatomics (3), simple thermal bath

low lying vibrational states (1). Higher selectivity model for the q.c. of states cannot explain this struc-

in laser isotope separation as well as enhancement of ture, thus a more sophisticated theoretical approach is

laser vapour deposition efficiency can be achieved required for a full understanding of these effects.

through excitation of multiphoton rather than single FOOTNOTES AND REFERENCES

photon resonances. +) ElEA student

Recently, a detailed investigation has been per- I) F. Borsella et al.: Chem.Phys.Lett. 101, 86 (1983)

formed by our group on MPE of silicon compounds i.e., 2 C.W. Patterson ano A.S. Pine: Cop.Comm. 44, 170

;ii{ and SiF. 3

:n order to elucidate tne nature of I.R. laser photo- 3) A. 3iardini-Guidoni et al.: "Collisions and Half

_ysis of silane we have measured Sill absorption in the Collisions with lasers", eds. Rahman and Guidotti,

range o30- 63 cm excited by a continuously tunable Harwo A~ademi- Publ., New York 184, p. 393.

C')- lasIr. All the measurements were performeJ at room 7 ic

temperature under collisionless conditions. A portion • 3.

ot spectrum of silane is reportel in Fig. ,.a z
at = -.o m/cr'.Fr -omparisrn, in the swne figure .2

the L near aihsrpti.. spe rf , .o , with the 0 " ' "

la,5,r I; ew: tn iu nppr'.,et as a ?ni iCO .e. C

ra sorp- 4 o42 944 946 9480)(cm-1950 .
tion peaks. n order to ascertain the non linearity of ) SLOPE b) SLOPE 'C) SLOPE
the pro-ecs- wri h gives rise t the new features, absorp- E 1.0 0.2 b)5SLOPE 1.SO.2

measurements vs lase- f. have 2een carried out.

Slopes higher than l have teen f und at laser frequen-

,ies corresponding to multiphotcn peaks (Fig. i. Z "

,lecomposition of Sill has been perf rmed in paral- V :1

lei geometry by exciting the molecil>s near the two-

-photon resonance !i-t' i I? laser line. tP(3/Cm
2)

iorescenc e emitted by the fragment-, 71., i and
Fig. 1 - iiH multiphoton absorption spectrum measured at
a = p. cm2, T = ).3 Torr. Absyrbed energy vs later

tis in order to elucidate he gas phase reattin moecha- fluenc, measufel at .. : )L6.7 c. . (a); =447.7 cm (b);

nisms in different experimental conlitiono. w 4 . (0).

MP of Si n nas been stulie! in gas phase as well a; 10 MPD of SIF4
.Jas under molecular beam -onditions by the se of one -r -

two line tunable pulsel CU laser as raliati ,n sources. 3 ., ,' '"

Jne and two frequeny MbA of .:iF have een stu01d ,

through opto-acoustic detection under collisionless I Y 0 ' @ .

conditions at room temperature. The one frequency spec- 0

trum shows a maximum at 101" cm. .rresponding to a two- -

-photon resonance ( When the first laser was tuned

at 1029.4 cm the two frequency MWA spectrum showed a W - "

second maximum at w = 983 cm
-

. As in other polyatomic _

molecules, laser radiation at lower frequencies is more
910 975 910 16% n 0&Fats d1." ,

effectively absorbed by molecules pumped in the quasi- rig. P - Two frequency MPD spectrum )2 (em.
-continuum of states by the first laser. of SiF 4 .
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ATOMlIC IKON RECOIL IN MULTI PHOTON DISsot:IxrION OF FERRoCENE

H. 1. Lo, Y. Ono, P. C. Engelking. .1. T. .IOSe1L'%

Chemical Pusics Institute, *Ci ver i tv of Oregon, Eugene, Oregon 977!tO03

We have investigated the MPI /MI) of mtallocenes, , ~
and in particular. errocene. In this molecuile, the 5S-" et 5I 67H

n mud. Ferrocene has uo obse rvab Iv Li a ori-scence, 'y'

In! lctronic excitation night interna liv convert

lvik , to, a hot ground stat, flit- hot .:rotnd s tatLe

m t tli-n p% rob-I, o wi nun iiml I-I Ular dec.omp)osi-

ii I 1 It-I, t di v. aoN- t'."nt ill t had l. 0

111r4 % ti ...- , tv- 1 xi l' I L' t 11li 11 1ligand s i n 1 210 30

ii" Ini- r-jlilsivt- -li- troni. stateri it roen 0z

it , - i t ti t -, l ia r ,, ot it, if o sequri t It- 1i n etiae li ro tm n t i h

M J' I I I If L' ~ ~ ~ ~ I tI servIbIL'W-iesigtwsd tit if atlptom tttn i Iitt int lDo

-, - L- t :1 tv11t t ,rti t iouinc I"til t t--s lini- Width VS. laiser inti-nsitv. Tht interc ept at zero

tt init., vi r-,ti -'S.Il-s would ;r-ditc nit. latstr 1-tiw'r is, sittificantl- widir tlin tit e infle width

war ,I Fiti iv ... ri. i-tihi Io itro itni-icits. if the priti last'r. It is imm-diatvii evident that

-!t:1 t it t:! di--' i-itin aMechanism7 11 tc-tal lv tl- irtiu atoms love,i significant amount tif trausla-

t -I Lila tt -tit-r ti ir-im(i-t ru is rtti In-t, ti- t IottOI i'nerg% i mpartLed to t hem hv thre d issoc iat in

-init- I,-ill lit- at r-t in tllI- Lit-Fl of vtass systell. i-vt-!nt

* h i i. 1 otlc- ti d issocia tion mi-,lian ism wotl d Analysis of data such as, that it i-itt. 2 ohtained

rsii-,v-riot,-1 vtlity ilistrihit il tItf the irtin astftnctiTI if laser intinsit- allows aI separation (it

it n... it1 s tr it K ig ,otitri t to t,- itlit'r oIi thle above ti1v V,-lttt-t (list ribtioti tontribution to thte l int

ixi-liin isms ,itI ttit- i -rrt-i- nt- d isst- itis in a ntin- shape froim titi' contrihittiotns fro'm lifetime brOadc-ninz

-n ,rtt-lI mannir v ia meli-ctrtiia Ix rI- ill VI- Stati-s, and saitlrat ion iffetts. Thc- ri-stlt is that tile

TofLi tire asot - lab let l-nrg. ,-an ettld upl itt trans Itit ionmi I vi-],. it'. d istrihut ion is not vitl ii a-SiAn, itav'itg

r-il. In the experimenits at tilt laisir W.iv.t-li-uigIl v-i itss latetisit iltlii vI'incs oif tit- listn ibti n than

-ii itr-MIti I, t:l t'tal 1tv.il11hl- i--tvil111 i' thitt 2 i ;V i lu ssi.tt t1is t r ibhuiitiit, tIt o tor r-sitind s ti 1t1 a VCrag-

I l~- SeCtiL- rgv, t titer par t it itid i tti vibritlts r i rtt atom ri-t'i I i-II-c 01f I 1,' Thsi-cinvistrtof

iiitt attn ri-i-oil. Titus, Oi;sieet f di- i run tail I wvit iii viiartitition if isse-Ttill 11t "1i o tht-iU i itI

hi-tv i-n vtir ii is d iSSocotition m- iciti sms . I ri, mn-ts.-i--

hi- th1)Us C tint kll, I li-it I cir I,,,eni' uitdL-r'i, s lilt -

ni .t niot-n- rce rt-1 mauinnit'L1 tut ~-fCi'oi e-tI lvi- d,. I s -v -

I' 111L1 i-nt-rg n i l IMi-) t in t I t~ i) 11 t raIi roni I itium.

w vi thI i-rs L t I t t-iut-r-%go- ~I lii, Ii n i t, it r Ti i v i, t, Ii t n

S10 it tilt Cyvr ltpnt ttl linvlV fr1.gmnitt S.

0 10 20 ~'
laser intensity (n.Ilh

FlIgit re I . lirpendeniev of Doppleor I inw i(tith on the lastir

Intensity
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ASSONANT TWO-PHOTON AUT0ONIZATION OF H2  PHOTOHLBCTRON
AJGULAR DISTUIBUTION AND THE AUTOIONIZATION LINESHAPE

t. hai Dastidar, S. Ganguly and T. K. Rai Dastidar,

Indian Association for the Cultivation of Science, Calcutta 700032, INDIA

We have studied the effect of laser a typical Fano profile at low intensities,

intensity on the photoelectron (PE) angular whose maximum gets damped and eventually
distribution and the lineshape for the resonant vanishes towards higher intensities. The
two-photon autoionization of the H2 molecule total ionization rate comes out asj l0t sec -

through the lowest autoionizing state of i2g at an intensity of 100 W/c 2.
(l(7) symmetry. The states involved in this

transition are as follows :

1-X BgIvgO.J 0 Bu(vi=-4,3i=l) (a)
... V,1 2)  =-0.4632 and -0.3900

, ,, %g  a= a.u..

configuration interaction
H +X2 (vi-0-4 , Ji=O)(). ::..:

Two energies of the autoionizing state (E a)

correspond to two nuclear continua; the turning

points are R=2.4 a.u. and 2.0 a.u. for Ea=
*-.4632 and -. 35 a~u. respectively. For the (C) >---?

transitions X1  --)pB .(vi=O) = -.4632 au,

the wavelengths are about 1100 and 1500 A
respectively, and the corresponding wavelength
for transition to Ba= -.39 au is about 1200 A.

We have used the resolvent operator tech- Polar plots of PE angular distribution.
nique 1 2 to obtain the transition probability ?ig.(a):[vi=l,ji=O]for I = 108, 104 and 102
per unit time in the weak-field limit. Details W/cm 2 respectively.
of the choice of wavefunctions and methods of 1ig.(b): 2v1=lJ 1 =0] at I 104 W/cn2 with

calculation have been given elsewhere It is spontaneous decay neglected (see text)
obvious that the PE angular distribution and pig.(c): (v1 =0,a1 =O] and (v=I,-1 2--]

the lineshape will depend on the choice of respectively at I = 00 Vl/cm
vg, ig, vi, Ji' vI, J,, E. and also on the For all figures, vi= 0 and Ea - .4632 a.u.
laser intensity. In this work we have consider-

ed the spontaneous decay of the intermediate
resonant states. Fig. (a) shows how this effect Since these frequencies in the UV and VUV
can modify the YE angular distribution at lower range are being produced and used 4'5 for two-
intensities: the qualitative change with incre- and three-photon ionization of H2, study of the

asing intensity shows that this effect is above features should be well within the capa-

masked by other intensity-dependent parameters. bilities of present-day laboratory resources.

A comparison with Fig. (b) further shows that
this qualitative chance in the PE angular 1. k.Rai Dastidar and P.Lambropoulos, Phys.hev.
distribution with variation of intensity is A 29, 183 (1984) and references therein. f '

almost solely due to the spontaneous decay of 2. Y.S.Kim and P.Lambropoulos, Phys.Rev. A 2.

*the intermediate resonant etates. lig. (c)319(84anrerncstri.
shows the vibrationally resolved BE angular 3. P.Lambropoulos and P.Zoller, Phys.Rev.A ,379 (1981)
distribution. 4. H.Hottke and L.H.Welge, Chem.Phys.Letts.

The intensity dependence of the line 99, 456 (1983)
shape shows a similar feature as obtained 5. S.L.Anderson, G.D.Kubiak and R.N.Zare ,Chem.Phys.Letts. 105, 22 (1984)
previously in a parametric calculation3 ,e.g.

. - -.'.

~~~~~~~~~.. . . . . . . . . . ........%.,., .. ".....- .... ,....-. .- .-.
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TWO-PHOTON DISSOCIATION OF HD+ BY THE ISa -- iSO
VIBhATIONAL ThANSITION g

M. K. Chakrabarti , S. S. Bhattacharyya + , K. K. Datta and Samir Saha+

Department of General Physics and X-rays, I.A.C.S., Jadavpur,Calcutta 700032, India
*Indian Journal of Physics, I. A. C. S., Jadavpur, Calcutta 700032, India

Using linearly polarised light with wave- dipole moment of the molecule. , . ..

length range X = 16000 - 170001, non-resonant The asymptotic part of free-free radial

two-photon dissociation(TPD) cross sections of matrix element of S W0 (k) in Eq.(7) is evalu-
HD are calculated from initial v i = 6, J1=O ated analytically wl h a converging factor I

leveed ofltial lei grun atte Allpossiblefbotorlevel of leo ground state, All possible bound An essential 2nd order sin~ularity appears at

and free intermediate states are considered. k=kf which reduces to lot order due to the

From perturbation theory, TPD rate from presence of the factor wk in Eq.(7) and the
initial state li> to final state If> is given by integration of Eq.(6) then becomes possible.
dV( 2 )  (k/c211 3) 12 IT( )1 (1) In electric field gauge (I.P, as there is no

where wevector of thedisso wk, one fails to evaluate sf i a Eq.(6)due"
where ?f = wa~ of the dissociating frag- to the 2nd order singularity in 5 (k).
ments, V = reduced mass I = intensity of thefl"
incident photon and T )= TPD matrix element. R esults and discussions

The generalised TED cross section is (i) Prom Table 1, one notices that 0(2)

(2) 2 2 (T(2)) are oscillatory in the wavelength range consi-

Her c phtonenegy n Hrtre, 2 dered. This is because of the involvement ofHere e = photon energy in Hartree, I =(ae2/
4 p
4n P i 2 0competiting bound and free channels in inter-2xa o ) in Hartreelcm see, ao in am, ao) in

mediate states.
cm sec and all other quantities are in a.u. (ii) Contribution to 0(2)comes mostly

With radiation gauge (t.-;) form of inter- from the loa -4 2pa u- lea channel with some

action Hamiltonian, we have contribution from the channel isa -+Iso (b)--
g 9

nxn , ,- , ), (3) lea . Other channels like lee-lsa(f)-lsof4 n)-- 2p%..-isag hve negligible contributio.

where t - unit polarisation vector of incident i (2 f(tii) a for vibrational transition is
light, tin. electric dipole operator of the mole- fe2found to be larger by several orders of magni- " " '
cule and v,( - 2 in E.()is 1nif- t)(E-Ei / .ude than that for electronic transition
over complete set of molecular egenstates I n> .

TAALL l.Calculated TPD radial matrix elements
For J 0 selection rule for two-sTep pro- b f (2)

cess demands T2,0. Then, with the help of ang- %-O(= ° Si Oland cross sections fiof
HD ' for the iso -liso vibrational transition

ular momentum algebra, we get from vi= 6,J-=0 fevel §f leo state.The upper

O27=fi E 8 a1kf -aIQ(4 (4) entries are for Jf=2 while the lower entries . .bi ff pr ao J321+101).
where J-Ofl, a 8 0 f TPD radial matrix are for J =O.

element ('b' and 'f' stand for 'bound' and'fee' S JflO S0 %l0 f1 4 )
intermediate states), with 16000 -8.97(-4) + 1.50(-i) 1.49(-1) 2.39(-54)

''I (A)8.61(-4) -1.48(-l) -147(-l)

-2.72(-3) 1.70( - 1.67 -1) .. . .

<Rrj (r)jR6(1(r)>/(Ev1 -E6,OpE (5) 16500 -1.85 (-2) 1.97(il l.78(1)l 2.58(-54)6 1.72(-2) -1.94 (-1) -1.77 (-1

and s5 =f0  (k)dk, (6) 16700 6.90(-3) 2.35 (-1) 242(-l) 4.04(-54)JfJ. *JJflO -6.49(-3) -2 30( -236(-1)

whee Sflok)= (kk2 3 U3.<R(As)(r Q? ,~() 1 ) 17000 -2.85 (-3) -2 92(-l) -2.95 ( -1) 4.60(-54)r " 2.68 (-3) 2.90(-1) ,23. -1)

Ihf.A. f * -8.97(-4) =-8.97 x 10 - 4.,<ItR(% (r)j A (r)>_ ._.-..
(r)N>' Reference

/(EklE6,0sp) (7) 1 M;.K.ChakrabartiS.S.Bhattacharyya,K.K.Datta
Hero QA(r) = intrinsic/electronic transition and S. Saha,Chem.Phys.Lett.llS,492(1985).

... . .

.. . . . . . . . . . . . . . . . . . . . ..
" " " "... . . . . . . . . . . . . . . . -.-. . ..--.-- :::-- - - -.
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APPLICATION OF PROJECTION METHODS TO SCATTERING CALCULATIONS*

B. 1. Schneider*

4Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico, 87545 USA '..

The results of a study on the use of L2 basis set

expansions for a number of different operators which

appear in scatterinq problems will be presented. The

* object of the study was to ascertain the performance of

such expansions for simple model potentials having long-

range character. The results of the calculations demon-

strate that the Schwinger form of the separable expan-

* sion is best for the problems studied. The standard

*separable expansion also works quite well, while the L2

expansion of the Green's function Is quite poor.

Work performed under the auspices of the U.S. Department

* of Energy.
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MODIFIED EIKONAL APPROXIMATIONS FOR ELECTRON- AND POSITRON-ATOM SCATTERINGS AT INTERMEDIATE ENERGIES* .'--.

T.T. Glient

Royal Holloway and Bedford Colleges (Univ. London), Egham Hill, Egham, Surrey TW20 OEX, England

.1 1

In the modified Glauber approximation, scattering terms

of order higher than the second one were chosen to be

represented by the corresponding eikonal terms of the

Glauber expansion. The contribution from higher order

scattering terms to the scattering amplitude has been

confirmed to be quite significant especially at large - , A
scattering angles in some calculations

2 .  
It is, "

therefore, worthwhile to find out how this contribution

varies from one model to the other. In this work, we

investigate some alternative possibilities of replacing

the "Glauberized" forms of these terms by those given

by some other closely-related eikonal approximations. . 4
In this connection, we shall propose two new modified

eikonal methods of approximation : the modified WKB

and the modified straightline-corrected Glauber

approximations. In particular, we apply these methods

of approximation to the calculation of e
- - H elastic

scattering and the results of differential cross section

are compared to experimental data
3 .

Since the calculations of these newly proposed

modified eikonal amplitudes including the unitarized

eikonal-Born-series one are much more difficult than

the calculation of the modified Glauber amplitude, we

are also specially interested in finding out whether or

not the values (without exchange) calculated with these

modified eikonal methods under exactly the same

conditions of approximation would differ significantly

from those given by the modified Glauber method. "

Detailed results of this work will be reported at

the conference with discussion and useful conclusions.

* Research work supported by the Natural Sciences and,.

Engineering Research Council of Canada.

+Cn sabbatical leave from the Department of Physics,

Memorial University of Newfoundland, St. John's,

';ewfunJland, Canada AIE 3X7 (permanent address)

..... ........... Phys. B 9, 3203-12 (1976)
2 . Walters, Phys. Rept. (1985, in the press)

Wlliams, J. Phys. B 8, 2191-9 (1975)

B.w. Syron Jr. , :.J. Joachain and R.M. Potvliege

. FYlys. P 15, 3915-43 (1982)

S.-

rl- i~i'
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RELATICNSHIP BETWEEN 7REDHOLM INTE"MAL EQUAII01 ANDi JHW1N JI& VIITI 11 k'ktrljIFLE

AND IXS APPLI iLIGN TO ATOMIC J.jA'1ERINI

j.P. khare and jatya Prakash

Physics Department, Institute of Afvanced 3tudies,M3erut University,Meer2t-25OOO5,INDIA

* We iterate Fredholm integral equation
1 

p to the order of kc3 asymptotically for -H

times and obtain the scattering amplitude for elastic scattering and thus total collisional
the transition from i to fth state as cross section is obtained with the help of the

optical theorem. Jince imaginary part of the
* ffi--f -- fi (p third Born term and the real part of the fourth

1 ffm(ka) f (gk) Born term fall as k-
4 
asymptotically

I 
they ire

+ mr . 2 _k2- d2 , (1) negleoted and the imaginary part of the fourth
m Jorn term iu replaced by f141 the fourth term

where f and fp are exact and pth ',orn seatt- of the Glauber series. ?urthermore the real

ering amplitudes, resectively. 'he other part of the third orn in the forward direction

symbols have their usual meanings. Luo obtain for hydrogen atom is zero when evaluated throu-

approximate solution we take gh closure
2
. -

fin fmi ~ -hi)  dni) (2) Our results for the total collisional
for all values of m, wherelp,n is a complex cross sections are shown in -fable 1. They exhi-

multiplying factor and n is non-zero ?ositive bit satisf3ctory :jreement with the adopted
integer. Putting (2) in 0I) we obtain cross sections of de Heer et al.

3 
1he present

method gives different cross sections for elec-
fout = f3 p Ip,n n - fBp

) "  
(3) tron and positron scattering unlike the Khare

. We drop the superscripts ri to sirrolify the and Lata method
4 

and LBS method
1 
,both of which

notations. 2Now we determineAp,n by making are correct only to the order of k-
2 

;tnd the
sf-n tationary with respect % modified ;1sober approximation . All of them : -

"- This yields yield same cross sections for the two prcject-

-22 -= (4) iles. The extension of the )resent method to
f~p

+ 
fBn - f3 - the multielectron targets is of interest. "

It is easy to see that with the aaove value of Tdble 1

Ap,n we have Total collisional cross sections (in a2)for

n(t) the scattering of electrons and positrons by
fo u in +f f

Sfp 3n- 3V' 
hydrogen atoms.

for all values of n and p. Thus the above sol- "

ution of the Fredholm integral eqjuatin is IkeV) Present results Ref.3
e- e e-"- -" "- "

self consistent. . -- -

n!ow in the fractional .orm c,r the dire- 30 10.270 10.970 12.720
ct scattering anplitude C f ] as obtained 50 9.780 9.958 10.300

100 6.773 6.823 6.850 *-

fron the Jchwinger variatiunal orinciplek.q. 200 4. 177 4.180 4.180

(10.66) of itef.1).,: take cut,oin jIl and 300 2.926 2.926 3.060

inccmin k scattered waves correct to 400 2.432 2.432 30 .
n1

h 
n o 

h  
on o n e- Financial assistance from the Indian 'oun-il

(n-1)th anff(p-l)tb resp- of Medical Research New DelhiIndia is rate-

ectively and easily obtaln from it an equat- fully acknowledged.

ion which is identically thR same ,is k)).

"hus we ostaulish that the self consistent ,teferences

solution of the Fredholm inte,'ral equition 1. J.J.Joachain, ur.nu. ollision heory,

is the sale as obtained from Jchwingeer var- ;.H.Press (1975).

qtlonal srinciple for all ;he values of 1 2. D.,.Dewan.an,J.Phys.3.13.LS5 (19b(,.

and n. 3. 7.J.de Keer,M.t.,..icDowell and K.7.

In the present investigation we hive Wa, enaar,J.Phys.310,1945 (1977).

taken n~pw2 and have oolained imaginary part 4. j.i).Khare nd husum Lata, ['hys.iev..!, . ....

of [ f2,2 ) in the forward direction correct 3137 (1984).

. ...-.. . . . . .. .S X - L 'V '( ' V '": '" :- '' --- -.-. "- --.'-. -''. . -. '... . .. .. . .. '.-, . . .. - . . . . . .-.
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EVALUATION OF DAMPED OSCILLATORY INTEGRALS IN ELECTRON-ATOM SCATTERING

"* V.B. Rheorev and A. Basu

Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India

'-

The scattering of electrons by an atom or The application of our method to elastic

a positive ion can be described by an integral electron-hydrogen scattering in both the static

equation of the form, and the static-exchange approximations shows

that this method requires much less computatioR
F(kl:r) = Fo(kl;r) + 46(kl;rr')0 at least by an order of magnitude, as compared

U(r')F(r')dr' with usual quadrature methods, to give results

• where, Fo is the regular solution of the homo- of comparable accuracy. The problems of con-

genous equation at r = 0; G is the Green's vergence of the iterative scheme still remain

but these may be solved by an appropriate
* function constructed from the linearly inde- iterat ion-variation tcnqe ,

pendent solutions of the homogeneous equation technique'
3

and incorporates the required boundary condi- Furthermore, some oroblems in atomic sca-

tions on F: the angular momentum of the partial ttering require the evaluation of damped osci-

wave considered is I and = F is the llatory integrals where the damping is slower

impacting particle energy in rydberg units, than exponential. Some of these integrals can

" The potential U(r) describes the static field be converted to the exponentially damped osci-

due to the target and for large r is, gene- llatory tyne b: a suitable deformation of the -.-

rally, exponentially decreasing. If allowance integration contour
4
. Such integrals can then

for electron exchange is made then L
T
(r) also be also conveniently evaluated by our techniqu-

contains an integral operator. Such an inte-

gral equation can be solved either iterativelv References:

or by non-iterative techniques.
1
' 1. P.G. Burke and M.J. Seaton, 'ethods of

Comput. Phys. 10, 1, (1971).
We consider the iterative solution for

such an equation. 2. R.J.W. Henry, Phys. Repts., 68 1, (1981).".-[ suh an eqation•A convenient iterative no- " - .,

cedure is to put F = F0 on the RHS of the enua- 3. V.B. Sheorev, Proc. Phys. Soc., 92, 531,

tion and then iterate the resulting enuation. (1967).

This procedure generates the well-known Born 4. N.C. Sil, 4.A. Crees, !.J. Seaton,

series. We propose a method in which the inte--'" ~J. Phys. B., At. Mol. Phys., 17, 1 (1984). . :'''.

grands arising from the above equation, which

are all of the exponentially damped oscilli-torv

type, are expanded in terms of Chebvshev nolv-

nomials. The integrals themselves, both the'

definite and indefinite Integrals, can then he,

simply evaluated by appropriate summation of

the expansion coefficients.

[. -,:--.. .....-..-.. - . -. --.. * :-
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A THIRD ORDER DISTORTED WAVE FORMULA FOR SCATTERING BY TWO POTENTIALS

D.P. Dewangan

Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India

We develope a new distorted wave formulation for Clearly, under many circumstances, those higher
TTODW

scattering of a particle by a target in which the full order terms which are not included in TDfi would be %
interaction V can be divided into two parts V = V 1 + V2  small. Then it will be a good approximation to write

in such a way that the scattering problem, in which

either part of the full interaction is operative at a TTODW (9)T i Tfi (9)
time, can be solved exactly. We show that the exact Tfi- f()

matrix element for excitation from the initial state We notice-that -"--i

to the final state Of can be put in the form fi (2) is the familiar distorted
wave formula of Goldberger and Watson

1 
for scatteringT Oi DW--

T OD t(1) by two potentials in which the potential V is treated

exactly and the second potential V2 is treated only to
where the first order in distorted waves. Similarly, Tfi

TODW DW2 T2 Cor is the Goldberger-Watson distorted wave formula in
fi fi - fi2 which the roles of V1 and V2 are now interchanged. The

formula (2) gives a method of combining two distorted
wave transition amplitudes for the cases in which TDf£

1 ..'".."'
fi-~r i C2) i

o V2GV1 and T 
2 

can be computed. The term T in (2) is

VIGoVIGIV2GV2 + VIGoV2G2VIGV21ii > (3) needed to avoid 'double counting'. We also remark that

there is no difficulty in developing the formulation in

G /(E-H o - VI + i and G = 1/E-H - the prior form. However, we omit any further discuss-

V2 + i), H being the unperturbed Hamiltonian and E ions on this as it does not provide any additional

the total energy of the system, In (2) information

.. .T = < fVl X1  > < I - V2  X1 > (4) Reference
f

TDW2fi < f2 i () 1 Goldberger M.L. and Watson K.M., 1964,
Collision Theory, Wiley, New York.

T r= <@(V V)i *> < IVlGoVfi f 12 I f 10 2

V2GV 1  > (6)

where G= 1/(E-H o + ic ) and

Xi~f = ( + -HV + i Vl) *i~ (7)-.°
Xi (+ --H;V -i. o .. (.,)

+ 1 V2) i,f (8) ....
f = I + E Ho.2 + 2V

2  i c 2-

A glance at (3) reveals that the term tfi is of the

fourth order in interaction, i.e. it contains contribu-

tions from the fourth and higher order perturbation

theory. This implies that TTD is exact up to the
fi i xc pt h

third order in the full interaction V. Indeed, we can

expand TfiTODW in powers of VI and V2 to show that it not

only contains the first three Born transition amplitudes

fully but also includes a part of each higher order Born

term starting from the fourth Born amplitude.

. . . . . . ..

,o . . . .o . o . ~ . . . .. . . . . . . .
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ON THE ON-SHELL APPROXIMATION IN THE FADDEEV.. ~~~EQUATIONS FOR e-H SCATTERING .- "-""C

k'X ~~~P.A. Massaro ".'"%''-

Dipartimento di Fisica dell'UniversitA,Sezione INFN,Bari,Italy

Treating the e-H scattering problem by the Faddeev

approach or by other integral equations, the on-shell k"
2  

g ± kk m.

high energy approximation is usually used to reduce the k g k m=O

dimensionality of the equations. The aim of this note is we have (to the first order 6k)

to elucidate the reliability of such approximation.
* dk" 2 k .

To be definite we consider the Faddeev equations P -- g (k,k;8) = k 2 +

for the elastic e-H channel, including only the Is k-6k

intermediate state 
k+6k

P dk" . j(k, 6)(kkm2dk)k
( i'ls Y±I ls) = (k'ls y(l) Ikls) = ' 0 ' m1

d'ls yP')'j 1 'i 'l * (1 ) k-6k
+f E 1t Is _Y 1± 'Is) (0,Is lY± Ikls)

where
. where Y± and Y(1)± are three body and two body transition d (kO)= V - ,k;)) P4(k,k;e)

1 Tk' +k ' 4operators. k'=k (6)

The on-shell approximation is obtained by writing

the polar term as The ratio of the two integrals in equations (2) can

be evaluated as

=-i' 6(E-E")+ P principal-value part Ak
E+i"-E on-shell part k (7E

and by omitting the principal-value part.

"-The exact equations for the singlet and triplet Similar evaluations can be made for the inelastic -" ' -"°

amplitudes can be written as3,
4  

channels (inclusion of more virtual states).

[ " :c~:Even at low energies the on-shell appro:!imation can
f ) be useful when we solve equations (2) by the method of

-r i f" + , -k )successive approximationsWriting
4 k B """k J"j """i ~ ~~(2) f+ :::

whr f 1f~ ," bengf heBonkmpitdean) (81~' .) i

gO- t e k g a d ef
5

.d P Jf(i".)
For lag k ,lusth, unton,_k.Z' av

i I
1 hrp being the Born amplitude and (8)eh twc c s ( vu te od r fk a9 Oc the Ockur exchange amplitude

5 .  
1k"-

.- + ,-2--..7 P dk" dk.,f "'' n" ""-)

For large k values the functions fi~~' hav ... k"ka"""' "

=;~ ha rp ma x im um a t k "V k and we .c n assum e tha t the w e can choo se (to eva lua te the secon d o rde r) f : ( " k as F- --:

functions a function with a sharp maximum at k"=k and vanishing

outside a small interval (k- k, k+xk).gt~"k O dk" f k' ") f l" ) (3)." .' . "

Reference,
have the same behaviour. Then a good evaluation of the 1. " " "1"8"I. P.A.Nassaro,Nuovo CimentoIl' ,9 (1982) ---.- ,

principal-value part is 2. I.H.Sloan and Fl.J.Moore,J.Phvs. B 1,414 (1968) T-----.
k+6k 1. P.A.Massaro,Abstracts of Contributed Papers of XIII

International Conference on the Physics of Electronic
dk" V g(k",k;o) (4) and Atomic Collisions. Berlin 1983, p.9

8

k"-'-k--4. P.A.Massaro, in Few Bodv Problems in Physics. dited
k-6k by B. eitnitz (North Holland,Amsterdam,1984),vol. I

p.
3 59

(we assume that gt vanishes outside the small interval 5. V.I.Ockur,Sov.Phvs. JET 18,503 (1,964). .p,=- --

*: (k-6k,k+6k)).

'.- Expanding around k -k

....................... " .-. .-
"-i .'",.'-.-','",

":':':'::... ... ... ... ... ..
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FADDEEV EQUATIONS FOR ELASTIC AND INELASTIC e-H SCATTERING

P.A. Massaro

Dipartimento di Fisica dell'UniversitA,Sezione INFN,Bari,Italy

Previously a careful analysis has been done for the suc-h approximation is done in another comsmunication.

elasic -H hanel t hgh nd ntemedate1,2,3 Equations (1) cannot be easily used without a

*In su-ch treatment only the ls inte-mediate state has partial way, decompocition. However we can work in total

wave by using single-variable integral equations.
been retained in the Faddeev equations. In this work the 2si,3 rvou ok ecooeteicdn

Asho in therlie prviu worksin wee chos the incidentual
methd i geeraize byincudig te 2 an 

2
pvirual vector k in the z-axis direction and the (x-z) plane as

*states.
scattering plane. Furthermore we introduce the kernels

For the elastic and ls-2s,ls-2p inelastic e-H ,kuv 2d 
1 ~kuvw

*channels the Faddeev equations for the singlet and triplet K YY(;iv-f wfYY'

amplitudes can be written as whiere u-cose, v-cosO', W.0'1.

fUs (iUi - Xf ( 1). (U.i~) The required one-dimensional equations are . -

1s ls ls'ls f s'(k;u) -A (l)* s>.*,

4, ls'ls Is Is + X ik f'dv 'i's 1 (k;u,v)f~ 5(r v

.. . ,2 s 1;Z fs,2s('Y +i X I J'dv (1 s2 k;u,v~f1 s 2 k;v)

ik2  .t + k 
1
r

+l ld2fs,
2
p1t, '21fs,2pi('2 Z4" .1 . 1j lspul ILpu

f (k;u) - Xf M+ (k-u)
M± (1) S, 2s Is,2s

f d~' (lc (i k) i~,i'*)+ _L . Jdv K* 2 (k~u,v)f15 1 kv

4Ti ls,2s + 1 sl k r ,2)

ikl + X A 1 J'dv i1f 2s(k;u,v)fIS f 2 s (k;v)
4 7 s, 2

ik 2  1 I, 4A L dv K2 (k;u"v)fl, 2 p (k;v).-
+ Idi" f~l.. k 2 (kl ~ k'pf IJJ 5,,5,

4 r =l 2s ,2ppj ' a,+ M+
s p(k;u) X f f -) (k;u)-

Is p ls,2pm

1 s 2pm(kk2) 1.~,2pm (t ;)ik 1 -yev~ + S kv o

+ 1 )k fdvK± 192pm kuvf 15 l(s v
*~ ~ X -L f di" f(l)± ~.j~

4nr ls,2pm 1 2kI

ik1 ~ ~~~ Al) * ~ *141.~. dv sp(kuv) f 5 2.(k;v)
* 1- 7f f 2s,2pm 1 2s s,2

+1 A L-1 f Ck';fv)

ik2  1 f+lX±Eik (k;u,v)f1 s 2 kv
+-- A : 2 ~ M± "j'f-,-l - 2p1, 

2
pmn1 p

u. u-~ 2 2pvj,2pm 2 ';2 1s2~'2

*where Both elastic and inelastic amplitudes can be evalus-
(lM± f B ,Ock ted exactly from equations (2) without partial wave

bei the usual Born amplitudes for the Y-Y' tran The method can be further peneralized by including
giin an gock Ok exhneapiue

th cr i any number of intermediate virtual states.

the coupling constant for the interacting particles 0(1

is the physical value). The kernels for the 2s-2p References

transitions are singular in the forward directions but I. P.A. Massaro, Nuovo Cimento D 1,9 (1982)

this singularity can be easily remedied by introducing 2. P.A. Massaro, Abstracts of Contributed Paper of XIII

a small energy difference between the 2s and 2p states. ICPEAC, Berlin 1
983

.p.
98

The only important approximation made in equations 3. P.A. Massaro, in Few Body Problems in Physics~edited ..

(l)is the on-shell approximation which is obtained by by B. Zeitnitz (North HollandAissterdam,1984),vo~lI.

omitting the principal-value part in the polar term of p. 35 9

*the exact equations. A discussion on the reliability of 4. V.I.Ockur.Sov.Phys. .IETP 18, 503 (1964).*



HIGHER ORDER BORN4 3=HANGE AMPLITUDES FOR ELA'IC SCATTERING OF ELECTRONS BY HELIUM ATM

N.S.Raoand H.S.Desei**

*Physical Research Laboratory, Theoretical Physics Area, Navrangpura, Ahmedabad 380 009
*~Physics Department, Faculty of Science# H.S.University, Baroda 390 002

* in view of the recent developments for the One of the authors ( N S R ) is thankful to the a.

study of spin exchange effects in electron - hy- Physical Research Laboratory, Ahmsedabad, India

drogen collision Pocese 12,3,4 it is proposed for the award of a Post Doctoral Fellowhip.

in this paper to extend these studes 3 , 4 ,7 for

elastic scattering of electrons by helium atom References

* at intermediate incident energy region. Towards

*this proposal, we would like to derive the sec- 1. N.R.C Kc Dowell at al .. .Phys.B 17, 3951
(1984

* ond Born exchange amplitude for elastic scatte-
2. G. D. Fletcher at al., J. Phys. B Lett 4fi,

* ring of electrons by helium atom to study the 1671 ( 1982)

asymmnetry and collision cross sections. The 3. N. S. Rao J. Phys. B CCoamunicated AK
* bas ic aprxmtosto obtain the exchange 1985

7
amplitude are discussed earlier *4. N. S. Rao and H. S. Desai Ind. J. of. Pure

and Apply. Phys. ( Commuinicated ),(1984
The second Born amplitude for exchange pro- 5. N. S. Rao and H. S. Desai Curr. Sci. 52

c esses can be written as 653(18
6. N. S. Rao and H. S. Desai Pranana, 17 309

F2 B -(2 2r < Vp G() (1) C1981

Bp IV Gd Vd a> 7. C. N. Chandra Prabha, N. S. Rao and H. S.,IDesai. J. H. S. University X)M2* 39( 1981

*In this paper we would like to obtain the closed

form of (1) for elastic scattering of electrons

by helium atom. The real and imaginary parts of mU*
the exchange amplitude (1) can be obtained in

closed form as

Re FZ(2 Dn(ym) [R 3](2)

B Dn (y) Elm F,2](3

*Where the terms in the square brackets of real

* (2) and imaginary (3) Parts are obtained in the

closed form for the hydrogen ato 4 7* n yM)

is nt order differention with respect to the

exponential parameter (y.) of the target wave-

function6 . Using these real (2) and imaginary

(3) parts and the direct scattering amplitude
6

* the collision cross section can be calculated

* more acurately. And the present approach can
1be tested by the study of asymmnetry

Finally we conclude by the encouragement of

our earlier studies 3 ,
4' 5'6' 7, that the present

study will give reasonably good results. Final

results of the present study will be presented

at the time of confenence.

.............................................................

%.................. . **~**. *........~*.- ...
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SE111EMPIRICAL MODEL DESCRIPTION OP THE LOW ENERGY .

ELECTRON SCATTERING PROM HELIUM

R .1.Cispeanu ~

Department of PhysicsUniversity of Cluj-Napoca,Romai

In a recent paper Schrader 1 has shown that Pig.l presents the comparison for the
the elastic scattering of positrons from rare differential cross sections for 5 eV elec-
gases can be well modelled with a simple, trons scattering from helium. Our fit at 10
semiempirical potential. In the present work eV agrees with the measurements of Register

we propose a similar approach to the electron et a14 for angles smaljor than 90 ,while for
*elastic scattering problem, angles larger than 1300 we are in very good

Our central model potential is

*V=V t+Vpol +V exch(1

where Vt is the static potential of the
atom and V~0  is the polarization potential 'a7* Zz
taken of the simple form ~.

ap={ /2r4 for r~ (2)cK24 for r 2

*With r0 the single disposable parameter of
the model. In order to choose the appropriate ~
exchange potential Vexchswe tested several
local approximations and we found that only
the asymptotically adjusted free electron0 £(V 152

*gas exchange model can give s and p-wave Fig.2 Total elastic cross sections for I-He
phaseshifts concomitently within the experi- scattering: -our model; y Stein. et al

mental range 2 ,3; for r,=2.678 a we obtained

the experimental phaseshifts at 10 eV. agreement with the experimental results of

Our model was then tested against experi- Anrikaditc.

mental~total elastic and momentum transfer Fig.2 shows that our model based on the

cross sections. fit at 10 eV yields total elastic cross sec-
tions which are in very good agreement with

6the measurements of Stein at al . Only at
is- 7::impact energies lower than 3 eV our data are

probably too low.

,~" ~--References
1. D.M.Schrader, Phye.Rev.A 20,918(1979)

2 /2. J.P.Williama* J.Phys.B 12,265(1979) E
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// Phys.Rev.A 21,1134(1980)
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ELASTIC SMALL-ANGLE ELECTRON SCATTERING BY He, Ne AND Ar AT 35keV

Dan Coffman and M. Fink

Physics Department, The University of Texas at Austin, Austin, Texas 78712

H. Wellenstein

Physics Department, Brandeis University, Waltham, Massachusetts 02154

Geiger and Mor6n-Le6n have reported experimental conditions can cause additional scattering of electrons "..%''~ -
W °

observations of a strong forward peak in the cross after they left the analyser and transverse a relative

section for elastic scattering of 15-25keV electrons by long distance to the photographic plate. A third

rare gas atoms.' Their data also exhibit stiuctures possibility can rest with the alternation of the primary .

similar to Fraunhofer difraction patterns. Such electron beam when the scattering volume was filled with

interference patterns would require that each atom gas and when it was empty. In the smallest angle the

represent a black disk of from 30-50A diameter in the background can amount up to 50% of the final signal.

path of the electrons (Shadow Scattering)! No recent ab Since there are now two contradicting experimental

initio theory can explain this effect. We repeated the results there is still a possibility that in spite of

experiment at the University of Texas. Many elements of all the tests, care and attention which we have given to

our apparatus
2 

are different from those used by the all details that the Geiger and Mor6n-Le6n results are

previous researcher so that a truly independent confir- right. Therefore a third experiment is presently under-

mation of this surprising effect could be achieved. We way at Indiana University which will provide the final

used a gas jet for the scattering target, the electron answer. We hope that these results will be available

beam was formed by a telefocus electron gun, the electron at the time of the conference.7

analyser was of the Moellenstedt type' and the scattered

electrons were recorded bv a scintillator photomultiplier References

arrangement. The primary beam was trapped in a Wood's I. J. Geiger and D. Mor6n-Le6n, Phys. Rev. Let. 42,
1336 (1979).

horn. Measurements were carried out for He, Ne and Ar
2.J.J. McClelland and M. Fink, Phys. Rev, in press.

in the angular range of 2-20 ed. The electron energy 3. .. F. Jicnsteii, 3. Appl. Phvs. - 3668 (197J).
4. M. Fink, private communication.was set at 35keV. The scattering signal from thie gas 4 .Fn.piaecrauiain

5. R.K. Nesbeth and S. Geltman, IBM Research Report - " -
jet, the residual gas and the primary beam were recorded RJ 4311 (47139) 5/22/84.

6. R.A. Bonham and E.M. . Peixoto, Phys. Rev. 177, - -
independently. The right-left symmetry was always main- 204 (1969).
rained within the counting noise. Our cross sections 7. S. Ketkar and R.A. Bonham, private communication. - - .- --

for all 3 rare gases disagree in shape with Geiger and

Mor6n-Le6n values and agree very well with numerical

results based on relativistic partial wave treatment and

relativistic Hartree Fock potentials.' All charge cloud

polarization effects have been neglected in these cal-

culations. No indication of shadow scattering could be

found. The small forward peak predicted by Nesbeth' was

at too small angles to be reached by our measuring

technique. At all angles the energy loss spectra were

recorded to ensure that the inelastic scattering contri-

butions are well separated from the elastic line and only

elastic scattered electrons are used in the evaluations

of the cross sections.

The disagreements of the previous measurements with r(0 40
the present ones invite comparisons between the two

experiments to find some plausible causes for the absence

of the shadow effect. Any long range potential produced

in the scattering process can generate a strong forward

peak, i.e. a small percentage of ions or metastable ,-w 40

excited states present in the scattering volume are

possible candidates.
6  

Furthermore, insufficient vacuum

. ." .. -' .

<.)..'.- -.-.-.....-..-.---..-. "...---_ --.......--..."--.".----.-'......,-_i?, _i.ii -v-.--;"%
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ELECTRON-ATOM WAVE FUNCTIONS USING EXTENDED NUNEROV ALGORITHM

Joseph m. Paikeday

Southeast Missouri State Uiversity, Cape Girardeau, Missouri 63701,USA.

The extended Numerov Algoritm~ reported earlier 1 where R ,(r, Z) is the appropriate orbtal function ofIis used to compute the scattered wave functions of alec- the optical electron of t1,e target atomn and W(E) is a

trons on selected target atoms in their ground state.7he parametric funiction of energy E (in Ry atomic units).

extended Nunerov algoritlo (&%%) used in the present For Xe atoms, the relativistic exchange potential 7is
study satisfies the following: used in the form:

2 ex IT) ~~1/3 P1/3 W.....(0
)/N +~) l N+J. V (r,E)= a(E,r)3(3/8) p ()10

AI (1 N+i-l +0N-i+l /(1+6il (All i I 1 A~ +i where ,2 MiiVl V. (r)=(2/3)4-f(r)Znja+b/s(rfl + ftn(84-(l+0

~~~~~( +0~~ th scatere =av H"c(p(rfl)~ .... (11)

Aare determined by inverting a matrix "B" satisfying algrithm shows considerable improvement in the accuracy

certain optimization conditions based on the electron- over the ordinary Numerov method for incident energies

atom interaction used to obtain the scattered wave fuc in the range 100< E< 1000 ev and for partial waves in

ions. For the selected target atoms He, Ne, Ar, Kr an Xe the range 0< i< 15. A comparison of the results obtained

the electron-atm interaction used is a local form of th for Neon at E-_100 eV is shown in Fig. (1). Curves A and B

energy-dependent effective potential given by: rpeetteerri h eue sn O n
curves C and D for the Numerov algorithmn for p-waves

V e (r,E) = I Vjo+V p (r,E)+ V ex (r,E) + iV(rE (2) using Ah = 0. la. and 0.2a. ( a 0= Bohr radius). Extension

in which the first term of the interaction potential is of the ENA to imltichannel matrix formulation is in

computed from the analytic Rartree-Fock-Clsemnti 3wave- progress for selected target atoms in the intermediate
functions and is approximlated in the following form: energy range.

e~V>~ Z/)-~l~
4

) I4<(2Z/r)E Cn(eFr ) n.... (3)

in which a single parameter is used in the exnential

term in Eq. (3). 7b~ determine this and the coefficients

Cn the following method 4has been employed: - . XEDDNKO

(r/Z) =E.C xn E X. C M <N ..... ()10 (P-Neon Interaction)' "'"'''rr. =oi n ni1 in n

E X. V =Z....5
in oi m BMM Bn 'XinXim

and Cm = _ (B )(r/Z) TX. i ovjt> r-ri(6) D

The second term in Fg. (2) is the energy-depedent polari- .) -6
10

zation potential in which od of Eq. (7) is the experime- .

ntalI value of the dipole polarizability of the target

atom and the parameter D is determined so that the total 1

cross section at a selected incident energy of the elec- A

tron agrees with the experimrental value within 5%. Thus,26

V (r,E)= Ld(r 4+ f(E,D) ..... (7)(AOC NT

For the target atoms He, Ne and Argon, the exchange inte- Rerncs

raction is represented by the local energy'-dependent form 1. J M.Paikeday, XIII ICPEAC, p.96. Berlin, 1983
2+ hV ex(r,E)=( )E--olIVoa+(fE-<OiVlo>)) +8ro(r)) I..(8) 2. J.MNP., Journal of Chean.Phys. 65,397 (1976)

where p(r) is the atomic election density of the target 3. E. Clententi & R.Fbetti, At.Data Nucl.Data 14 (1974)

atom in its ground state and E is the incident energy of 4. J.M.Paikeday,Bulletin of Amn.Phys.Soc.,25,4,584(1980)

*the electron. 5The last term in the interaction in the 5. V.V.Balashov, et al.,J.Phys.B:,14,357 (1981)

Eq.(2) is the energy dependent absorption potential 
6  

J.B.Furne-ss & I.E.Mcarthy, J.Phys.B:,6,2280(1973)

given by: 6. J.F.Vanderpoorten, et al.,J. Phys.B:8,1670(1975)

2 2 2 7. O.Gunnarsson, et al. Phys.FLev.B,10,1319 (1974)
V (rE) =W(EE <oIVjo<) n (r,Z).......... (9) A.K.Rajagopal, J.Phys.C:ll,L943 (1978)

ab /( -RB.Awe,F.Keiqper at al.,J.Phys.B: 16, 603 (1983)
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ELASTIC e--Kr SCATTERING USING MODEL POTENTIA~L

D.Basu, S.Dutta, P.Khan anci A.6.uhosh

Department Of Theoretical Physics
Indian Association for the Cultivation of Science, Jaaavpur, Calcutta 700032, India.

Khan et al 1have proposed a model potenti- d
2

+ d-.-+ ~ kI~u r
al to calculate the elastic e -atom scattering dr r ~r
parameters at low incident energies. In the b sn ueo~ ehdwt aioese-. '

case of electrons, their model potential takes sie Telostse-zena teorgn s .* .

th frm1/2048 a0

V5 , =- STAT +VPOL +VEX Our results for the s, p- and d-wave phase

wher , ad V are he tati, ~ shift at three energies are shown in Table 1
weeV STAT 'V pOL adVEXarth saic po

larization and local exchange potential respec- and the values of the total cross section are

tively. The polarization potential VPO behaves shown in Taole 2. Final results will be presen-

asymptotically as -cz/2x , a being dipole pole- tda h ofrne

*rizability. The short range correlation effect Table 1. a-, p- and d-wave phase shifts (rad)

is included Dy them via an adjustable parameter Eneg lp

Their polarizati~n potential reads as(e

(xX 6 3 -0.5554 -0.2415 0.1766

V VpGL (X)= -(1-a J s 8 -1.1116 -0.6428 0.7830

where x~. is tne cut-off parameter which is Tal 2.Ttlcosscin(~ 116 cm
2 J

adjusted so as to reproduce the p-wave phase

* shift for e -atom scattering at a low incidient EnryT3
I (e) (Present) (Fon at al

energy. Following the notation of Khan at al, 398 .7

the local-excnange potential is written in the 8 26.942 27 .592

r) 1K References
V rj -- -

2  
- IL2__

ax LK 2 o ma 1P.Khan, S.Dutta, D.Bhattacharyya and A.S.Gho~h

An _ ax_+___ax Phys. Rev. A29, 3129 (1984).
2S.K.Dutta, S.K.Mandial, P.Khan ano m.S.Ghosh,

The energy of the electron,K2/2, is given by Phys. Rev. ,% (in press).

and Phys. B: A~t. Mol. Phys. 7, 3279 (1984).

ad2 /2 = k2 and + : K./ + /(l+A 2/4 M.B.Dbabneh W.Kaupila ..Dwii F.

0 a1 1  
Dut at hven aparriere, V.Pol, J.H.Smart and T.S.Stein,

Khan eta n ut tal
2 

hvobande- Phys. Rev. A 22, 18712 (198o).
couraging results for e-He and e -Ar scatte-

ring using this model.

Here, we have extended the method of Khan

at 321 to calculate a -Kr scattering at low en-

ergies. The elaborate R-matrix calculations

have been performed by Fon at al1
3. The results

of Fon at al13 are found to be in good agreement

with the measured values 4 above 8 eV. We have

tuned our cut-off parameter x c for the p-wave

phase shift at 8 eV (p-wave phase shift of Fon

et al at8 eV = -.640 rad, the present results

=-.642 red). We have also tuned the parameter

A to reproduce the s-wave phase shifts.

With this model potential, we have solved

the following differential equations
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SCATTERING OF ELECTRONS FROM ARGON ATOMS '.

Arati Dasgupta and A. K. Bhatia

Laboratory for Astronomy and Solar Physics
NASA/Goddard Space Flight Center

Greenbelt, Maryland 20771

The total wave function for the electron-argonRecently, we successfully applied the method ----- =-T-'

of polarized orbitals to study 3cattering of system is constructed using this modified 3p-d

electrons fro neon
1 

and photoionization of orbital. Phase shifts are calculated in theelectrons fromnen1adpoonito f

atomic sodium 
2
. We have carried out a similbr exchange, exchange-adiabatic and polarized

calculation for scattering of electrons from orbital approximations and compared with those

obtained in other calculations. The calculatedargon. But in this calculation, only the 3p

orbital is perturbed and the perturbed orbital differential, total elastic and momentum

3p-> d is obtained using Sternheimer's transfer cross sections are compared with the

3pteoetca dn iseimna obaiedusnltsr.eme'

approximation. The perturbation of the ls, 2s, theoretical and experimental results.

2p and 3s orbital is taken into account by

adjusting the perturbed 3p-->d orbital to give the Reference

Sll.6A , 1. A. Dasgupta and A. K. Bhatia,experimental polarizability 11.06A.. Phys. Rev. A 30, 1241 (1984)

2. A. Dasgupta and A. K. Bhatia,
Phys. Rev. A 31, 759 (1985)

_7W._.. ..........
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Elk. L; 3 TzRCN... LF ;N.RCN'

3.3. Jrllvastc'.',, .,rr' - .Singh

Physics Department.Meerut Unvr tMeut 505 NLI

Theoretical procedure based on a two- 3. R-h.J.Jansen et al,J.?hys.3 2,185 (1976)
potential treatment of the first-order stat- ,jp .ais nd..ilj, .Py3,

ic and the second-order Polarization-abscri- 1670 (1975)

tion Darts of the optical potential which ~ ~iatv taPy.e.A7 *. .*~

governs the direct scattering to second order 2156 (1981).
in a multiple scattering expansion has been%

* used to calculate the diffe~rential cross

* sections (1)',) for the elasti2 scattering of

electrons from argon 3.toms at a number of

incident energies in the range 100 to 1000 eV.

This treatment leads to the result that under

reasonable assumptions the direct scattering

amolitude can be expressed as f~ S+ fF FT

where f. is the scattering amplitude due tofST
the static ootential, Voo, computed using the

partial wave procedure, and f, and fZ3T are

the eikonal scattering amplitudes due to the I~lL
ontical. and the static potential, respective-

ly. In these calculations f ndf, hv

*been calcu2lated 1using instead of the usual

eikonal wave function the somewhat better

Blankenbecler and 3oldberger wave function.S-:he exchangae has been included both by the

Ochkur 2 approximation and by the procedure

of Vanderpoortan . For thegrnd taeo

the argon atom the wave function due to

Sheorey 1 has been used.

The calculated fl;, hive been compared

with th- experimental data of Jansen3 et al,

William and Willis and cirivastava ea.

The results which will be presented in detail

show that the D25 calculatedbyti prcd

ure are in quite good agreement with the

ex:cerimental data. The procedure of Vander-j

ooortan 1 for the inclusion of exchange contr--___

ibution is found to work better in this case.

* Financial support from Oouncil of

Scientific and Industrial Research, New Delhi

for this research work is gratefully acknow-

ledged.

1. B.3. Srivastava and 6.2hlXT ~kA
Abstracts of contributed papers ed.J.

Ziahler et al) p.80 and the referencea

therein.
2. V.I.Ochkur,.iov.Phys.J; TP 1853- 94
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ELASTIC CROSS SECTIONS FOR ELECTRON-ARGON SCATTERING IN THE
INTERMEDIATE ENERGY (300 - 1000 eV) RANGE*.

lone Iga, Lee Mu-Tao, J.C. Nogueira and R.S. Barbieri*

Departamento de Qurmica, Universidade Federal de Sao Carlos, 13.560, Sao Carlos, SP, Brasil

In this communication, we report the measured

absolute values of the differential, integral and

momentum transfer cross sections for electron -Ar

elastic scattering in the 300 -1000 eV energy range.

In our determination, the crossed electron-atom beam

technique has been used. The beam of atoms was A

obtained by flowing Ar through a cappilary array. The

elastically scattered electrons were selected by a

Mol6lenstedt energy analyzer(l) and detected by a

channeltron. Scattering angles were varied by rotatingthe electron gun around the atomic beam and the - -; -. :-"

angular range covered was between -100' to +120'.

The relative flow technique developed by

(2)
Srivastava et. al. was utilized to normalize the

differential cross sections. For this propose, the --.3-4
measured absolute cross sections of e- -N 2 3-4 scattering

were used as secondary standards. The cross sections

obtained in this manner are expected to be accurate

within 16Z. Our measured cross sections are compared
with the experimental results of several authors

3 -  
as

well as with the theoretical results of Walker
9  

and

McCarthy et. al.1
0 

showing good agreement. Some of the - ..

obtained DCS are shown in Figure 1. FIG. I e- + Ar Sb-

E - 800 eV • "'

* Work supported by CNPq, grant n9 40.3582/82-FA 10
°

. . . this work%^fvDubois and Rudd "'" ""

+ R.S. Barbieri thanks CNPq for the scholarship. - McCarthy et. al. (750eV)" / o E - 300 eV

- 800 eV "'""e"• •this work
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Chem. Phys. 63 2659 (1975). 1 01
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TOTAL CROSS SECTION MEASUREMENTS FOR ELECTRON SCATTERING FROM He, Ar AND CH4 : 0.1-20 eV

Stephen J. Buckman and Birgit Lohmann

Atomic and Molecular Physics Laboratories, Research School of Physical Sciences,
Australian National University, Canberra, Australia.

Absolute total cross sections for low energy ionization gauge remains constant. "

electron scattering have been measured in helium, argon We have measured the total cross section for -.-

and methane using a new time-of-flight apparatus. The electron scattering from helium in the range 0.1 eV to

experimental apparatus is similar in design to that of 12 eV, with an overall uncertainty (one standard

Ferch et al.
1
, but incorporates a different gating deviation) of less than 3%. Our results are in

method for production of the pulsed electron beam, and excellent agreement with a recent theoretical

a somewhat more versatile electron optical design. calculation due to Nesbet
2
, and also with recent , .

The spectrometer consists of a 250 mm long molybdenum experimental resultsl,
3
. Measurements will also be

flight tube and a series of electrostatic electron presented of the total cross sections in argon and

lenses and deflection elements. Electrons emitted methane, and these results will be compared with other

from a tungsten filament are formed by the electron recent measurements and theoretical calculations.

optical elements into a well-defined electron beam

which is subsequently gated by sweeping it across a References

small aperture with an RF square wave pulse 1. J. Ferch, W. Raith and K. Schr6der, .--

(100-200 kHz) applied to a pair of deflection plates. J. Phys. B: Atom. Molec. Phys. 13, 1481 (1980).

Further electron optics are then used to decelerate 2. R.K. Nesbet, Physical Review A 20, 58 (1979). .-. -

the electrons from the gating energy of (typically) 3. R.K. Jones and R.A. Bonham, Aust. J. Phys. 35,

150 eV, to energies in the region 0.1 eV to 20 eV when 559 (1982).

they enter the flight tube. Magnetic steering of the

type used by Ferch et al.
1 

is not employed in this

apparatus. Those electrons which are not scattered

within the flight tube are re-accelerated on leaving

the tube and detected by a channeltron. The solid .

angle subtended at the exit of the flight tube is very

small (2 /41 = 2.2 x 10
-5)

, ensuring that the

contribution from forward scattered electrons is

negligible,

The absolute electron energies are determined

directly from their measured time-of-flight, obtained

using conventional fast timing electronics. Absolute

pressure measurements within the flight tube are

obtained by using a spinning rotor viscosity gauge.

The system is evacuated using a 330 t/s turbomolecular

pump, resulting in base pressures of 1.0 x 10-9 mbar.

During operation, with gas flowing to the flight tube,

the pressure within the flight tube, as measured by

the spinning rotor gauge, is greater by a factor of

at least 150 than the pressure in the chamber, as

measured by an ionization gauge in the vicinity of the
filament. The total cross section is measured by

recording energy spectra with and without gas in the "-

flight tube and then applying the Beer-Lambert

attenuation relation. When a measurement is made

without gas in the flight tube, in order to ensure

stable operation of the hot filament and the
electron optics the gas flow is re-directed to the

chamber in such a way that the pressure measured at the

%• .. -

' "' ''- *L 
-

' ' ' "- - ' - l" - . ", -. •" - . -%" • . .- '" ", """ '-." -" *. ."". ." " " .-" ""
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MEASUREMENT OF ABSOLUTE DIFFERENTIAL CROSS SECTIONS FOR ELASTIC ELECTRON SCATTERING FROM MERCURY

G. Holtkamp, K. Jost, J. Kessler and F.J. Peitzmann

Physikalisches Institut der Universitat MUnster, D-4400 MUnster, W.-Germany

INTRODUCTION which determine the solid angle of detection must be
known accurately. Extrapolation of a set of data points

Relative phases between scattering amplitudes and the to zero target density yields the desired quantity. W
ratio f / g. of their magnitudes can be determined Preliminary results will be shown at the conference

in "triple scattering experiments" involving polarized together with other data /3/,/5/ and /6/.

electrons /1/,/2/. However, in order to make the deter-
mination of scattering amplitudes complete, one needs

their individual magnitudes, which can be determined Atomic beam target. In contrast to the above, this
by measuring the differential cross section f,

2
+:g'

2  method has the advantage of having a scattering volume

additionally. Up to now, for mercury the absolute dif- independent of scattering angle, provided the atomic

ferential cross section has only been measured at beam diameter in the scattering plane is small enough

300eV, 400eV and 500eV /3/, i.e. scarcely overlapping to be "seen" completely by the detection system. Be-

with the energy range from 18eV to 360eV, where data cause of the difficulty of determing absolute target

of triple scattering experiments exist. Furthermore densities within an atomic beam, this method yields

these cross section measurements /3/ concentrate on at first only relative elastic differential cross
small scattering angles, whereas the spin effects in sections. However, this fault can be repaired by

triple scattering experiments occur at large angles. measuring additionally the inelastic processes as

Therefore it is planned to extend the measurements of described in /7/. Integrating procedures with respect

dasUlute differential cross sections both to lower to energy luss and scattering angle yield a total

energies and to larger scattering angles. Nevertheless, cross section, which is still relative, indeed, but

small scattering angles will be measured as well, be- which can be fitted to an absolutely measured total

cause the differential cross section itself is a sensi- cross section /8/. By applying this fitting factor

tive tool to explore the validity of theories apart to the relatively measured elastic and inelastic

from its utility for the above purposes. differential cross sections, each of them is brought

to an absolute scale.

EXPERIMENTAL METHODS AND RESULTS REFERENCES

It is planned to perform measurements by means of two /I/ W.WUbker, R.Mollenkamp and J.Kessler, Phys.

different methods; the first one employs a static gas Rev.Letters 49 (1982) 272.
target and the second one utilizes an atomic beam tar- /2/ R.Mollenkamp, W.WUbker, O.Berger, K.Jost and
get. This redundant determination of differential cross J.Kessler, J.Phys.B:At.Mol.Phys. 17 (1984) 1107.
sections should facilitate to judge their reliability. /3/ J.P.Bromberg, J.Chem.Phys. 51 (1969) 4117.

/4/ K.Jost, J.Phys.E:Sci.Instrum. 12 (1979) 1006.._._._ .
Static las tarnet. The setup and the procedure for
measurements of this kind are described by Bromberg /5/ D.W.Walker, Adv.Phys. 20 (1971) 257 and private

* /3/. Inelastically scattered electrons are removed from communications.
/6/ M.Fink and A.C.Yates, Technical report No.88,the scattered beam by a simulated spherical analyzer Dep. af Pyc s, Tecniri o Texas atDept. of Physics, The University of Texas at i' -"-[

/4/ before detecting the elastically scattered elec-
trons; appropriate tests ensure a transmission of Austin (1970). _____~~~/7/ K.Jost and R.Mollenkamp, X.ICPEAC Paris (1977),---.7
unity. In order to obtain absolute differential cross

sections, one has to measure the primary and scattered Abstracts of papers p. 394.-.

r" electron currents at various target densities for each /8/ K.Jost and B.Ohnemus, Phys.Rev.A 19 (1979) 641. " '

. scattering angle and each energy. The target densities
are determined via pressure and temperature measure-

ments. Furthermore, the relevant geometrical dimensions

*fir

... . . . . .. . .........

... ... ... ... ... ... ... ... ...
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DIFFERENTIAL SCATTERING CROSS SECTIONS OF ELECTRONS FROM Xe

H. Nishimura, A. Danjo and T. Matsuda . "

Department of Physics, Niigata University, 8050 Ikarashi

Niigata 950-21 Japan ,

Th,- diffcrentiAl cross s,,ctons()CS) of c:,i,. ,,: - .- -:

from Xe have been mi,uc' using i crossed h--m m.-tho~i 01
at incident energ.es of 5 to 200 -V arld -it(pil ,- rangi,--- 6 " 

"

between 100 to 1250 . Thc. electron sp,<ctrosm-tr consists A.-_--____

of a hemispherical electron monochromator and the same A
- type of Analyzer. The emrgy ,ind jrngulir r,-slution u!

the spectromet-r are typically 50 m i-V and t20 respec-

tively. Absolute values of the elastic DCS tre given by 36
normalizing the relative values to the absolute elastic - /
DCS for He

1 
with the relative flow techniqu,

, 2
. The 00

absolute DCS for inelastic scattering is determined t

normalizing the relative value to the absolute elastic -

DCS obtained with the method above. Fig. 1 shows the0

present results of elastic DCS for Xe with the expoeri 0 0 60"-.'
natal results of Williams and Crowe

3
, and the soattering ang e(dog.)

theoretical results of McCarthy ot al.
4
, arid McEachran Fig. 1. Differential cross sections for elastic

and Staufflr
5
. In Fig. 2, integral crosssections scattering as a function..of scatterng anle-

for elastic scattering are shown along with the at 30 eV. 0 Thi work, AWilli and (rowe

'.primental results of Williams and Crowe, and the (1975), - McCarthy et al. 11977,----
icliiosMcEachran and Stauffer (1984).

,-ilzulatioris of McCarthy -t al. Also are shown the .cr a tue 18

- totl cross ect ions measured by Wagenaar and d- He.rb,

-l 1tlbabreh It al. 1 for the comparison at low impact E -

energies. Fig. 3 shows the energy loss spectrum at arn 5 +

electron nergy of 30 eV and an elctron mcatterinq ,

angle of 300 . The. inelastic DCS for the 6sl 1 1/210, 15

bs'i/21
0 

and /s l 1/2(0 ixcititions wilI be r eport.d. 0 +
1 0
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AN 11-STATE CALCULATION OF THE ORIENTATION, A AND ALIGNMENT X PARAMETERS
FOR THE ELECTRON EXCITATION IAS-2

1
P IN HELIUM BELOW THE 31p THRESHOLD

L.C.G. Freitas
4
, K.A. Berrington , P.G. Burke* and A.E. Kingston*

+Departamento de Quimica, Universidade Federal de Sao Carlos,
via Washington Luiz kM234, 13560 Sao Carlos, SP Brazil.

Department of Applied Mathematics and Theoretical Physics,

The Queen's University of Belfast,

Belfast BT7 lNN, Northern Ireland.

The first results of an R-matrix electron helium

scattering calculation, in which the eleven lowest target

states are included, were reported by Freitas et al"

(1984). In that paper a series of Feshbach resonances

arising from the coupling to the n=2 and n=3 states were

• presented. In a subsequent calculation(Berrington et all

(1985) the authors confirm the preliminary finding that

the explicitly inclusion of the n=3 target states can Exp. (ref. 3)

00* have a significant effect on the excitation cross section
24 eV

for transitions from the ground state to the n=2 levelsr"I,24 eV

at electron energies between the n=2 and n=3 levels. 0 22 eV e.

The study of the electron-photon angular 20 100 DE " " '

correlations is well recognised as a valuable technique

in the investigation of electron excitation processes. _ h L Iw."
Inpriua o h 1 1 3. I I

In particular for the I S - 2 P electron-helium

excitation there have been many theoretical and

24. sY
experimentally studies of electron-photon angular

correlations. The aim of the present communication is to

present orientation A and alignment X parameters for the

11S -" 21 P excitation process obtained from our lI-state 2. FIG 2

R-matrix calculations.
Figure 1 gives our A parameter for a range of 23.

* energies between the 2 1P threshold (21.22 eV) and the

3
1
P threshold (23.09 eV). At the 21 P threshold 1=I at

all angles of scattering, as the electron energy 0

increases A decreases in a regular way at all scattering ..

angles. However in the region of the 2Se threshold

(22.44 eV) A can vary significantly if the electron .

energy is varied by as little as 0.01 eV. Our theoretical

values of X are given in Fig. 2, X also varies rapidly

with energy in the region of the 2se resonance. t I I I ________ _ __

Fig. 1 and 2 also compare our present 11-state 2 0 100 DE 180

results for A and X with observations of Crowe et a1
3  

References

(1983).
I. Berrington K.A., Burke P.G., Freitas L.C.G. and .. -

Fig. 1 Kingston A.E., 1985, J. Phys. B.: At. Mol. Phys. . -

ELECTRON ENERGY (eV) 2. Berrington K.A.,Burke P.G. and Sinfailam H.L., 1975,
J. Phys. B.: At. Mol. Phys. B, 1459-73.

- 21.28 3. Crowe A., Nogueira J.C. and Liew Y.C., 19 , J. Phys.

2 - 21.50 B.: At. Mol. Phys. 16, 481-489.

3 - 22.0 4. Freitas L.C.G., Berrington K.A., Burke P.G., Hibbert
4 - .A., Kingston A.E. and Sinfailam A.L., 1984, J. Phys.

B.: At. Mol. Phys. 17, L303-309. t.

5 - 24.
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CROSS SECTIONS AND COINCIDENCE PARAMETERS FOR EXCITATION , .. .'

OF THE n L (n = 2, 3, 4) STATES OF HELIUM

G. Csanak and D. C. Cartwright
University of California, Los Alamos National Laboratory

Los Alamos, New Mexico 87545 (USA)

Although a substantial amount of theo- ,o* ' I I , , -.

retical research has been reported on the elec- HELIUM

tron-impact excitation of helium from its ground I- C i209V i

E X \\ '19)electronic state, a theory that can be used to 2 ,
obtain differential and integral cross sections in 2_ - "".''...,

good agreement with experimental data, for all a'. .
in

transitions and energies below the Born-region, In U pom,,"
0 EPENIIENT /ih.W1

has not yet been developed. The close-coupling 0 ,' 
- _  

-. "

formulation works well for treating the resonance \..o_" '

processes near the n = 2 and 3 thresholds, but Z "."

becomes less accurate for energies above the first U 0o.,a i*. -

ionization threshold because the number of open a '"'.... "s, -- -

channels that can be included must be restricted " , I1 I

due to practical computer limitations. Previous 0 40 0 12o 160SCATTERING ANGLE (dormle) 19'""-". .-'- '

calculations for electron-impact excitation of the STERGAL_.r
2 3lowest electronic states of helium, neon, and

4
argon, based on the first-order many-body REFERENCES

5theory (FOMBT), produced results that agree 1. B. H. Bransden and M. R. C. McDowell,

reasonably well with experiment for incident elec- Phys. Rep. 30C, 207 (1977); ibid 46, 249(1978). - -'" " 
'

tron energies from about 30 to 100 eV. This_(1978).

previous research using FOMBT is being extended 2. L. D. Thomas, Gy. Csanak, H. S. Taylor, -
and B. S. Yarlagadda, J. Phys. B. 7, 1719

to higher principal quantum numbers and a wider (1974); A. Chutjian and L. D. Thomas, Phys.

range of incident electron energies in order to Rev. All, 1583 (1975).

compare with recent experimental results. G. D. Meneses, N. T. Padial, and Gy. ... ."

Differential and integral cross sections for Csanak, J. Phys. B. 11, L237 (1978).

excitation of the n1 L (n = 2, 3, 4, 5) states of G. D. Meneses and Gy. Csanak, in Coherence IF

helium, from the ground electronic state (S) and and Correlation in Atomic Collisions. ° . ...

using the FOMBT, will be reported. Differential H. Kleinpoppen and J. F. Williams, Eds. (New -"-

cross sections obtained using the FOMBT for exci- York, Plenum) pp. 179-186 (1980).

tation of the n = 2 states of helium agree well with 3. L. E. Machado, E. P. Leal, and G. Csanak, -.

previously reported results (Fig. 1). The Phys. Rev. A29, 1811 (1984).

electron-photon coincidence parameters, A and X, 4. N. T. Padial, G. D. Meneses, F. J. da

will also be reported for the excitation of the 2P Paixao, Gy. Csanak, and D. C. Cartwright,

and 3P states at energies not reported before, but Phys. Rev. A23, 2194 (1981).

for which recently experimental results have been 5. Gy. Csanak, H. S. Taylor, and R. Yaris,

obtained
6 and R-matrix theory calculations have Phys. Rev. A3, 1322 (1971).

been reported.
7  

6. P. A. Neill and A. Crowe, J. Phys. B. 17,
L791 (1984).

7. W. C. Fon, K. A. Berrington, and A. E.
Kingston, J. Phys. B. 12, 819 (1980).

- .
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POLARIZATION CORRELATION MEASUREMENTS OF He(2 P) EXCITATION BY ELECTRONS -- ; ,.'

M. A. Khakoo, L. Forand, K. Becker+ and J.W. McConkey

Department of Physics, University of Windsor, Windsor, Ontario, N9B 3P4, Canada

+ Department of Physics, Lehigh University, Bethlehem, Pennsylvania 18015, USA %

Although the majority of electron-photon coincidence tan 20 - -SI/S
1 1 2 .

experiments have involved He(2 P) excitation, there is where S, and 52 are the two linear Stokes parameters.

" only one example
1 

in the literature where this was The second reflector is capable of rotation about an

. studied using the polarization correlation rather than axis defined by the reflected beam from the first,

*'" the complimentary angular correlation technique. This using a stepper motor attached to the device. Measure- W 0 .

has been because of the more favourable signal strengths ments taken with the plane of incidence of this second

when using the latter technique. Even in the single reflector at +450 to that of the first yields the third

example cited a full Stokes' parameter analysis was not Stokes parameter (circular polarization) directly.

possible because a circular polarization analyser was Full details of the performance and use of this device

2 7
not available. Recently Williams has reported measure- have been given by Westerveld et al. and will be

ments of the circular polarization at an electron energy illustrated at the conference.

of 81.2 eV and scattering angles of +100 and +900. This work was supported by the Natural Sciences _
Excitation of the 3 P state may be studied via the and Engineering Research Council of Canada (NSERC).

3 1P - 2 1S decay at 501.6 nm and recently Ibrahim 
et al.

5

have extended the earlier polarization correlation References
6

analysis of Standage and Kleinpoppen to larger scat- 1. K.H. Tan, J. Fryar, P.S. Farago and I.W. McConkey,

tering angles. In both cases the incident electron J. Phys. B 10, 1073 (1977). . . ____

energy was 80 eV. 2. J.F. William, Abstr. 13th ICPEAC, Berlin, 132

The significance of the circular polarization mea- (1983).

surements are that they establish the sign of the 3. M. Kohmoto and U. Fano, J. Phys. B 14, L477 (1981).

orbital angular momentum transfer <L> in the collision 4. N. Andersen, I.V. Hertel and H. Kleinpoppen, J..

or, equivalently, of the atomic orientation or of the Phys. B 17, L901 (1984).

relative phase parameter X. Following the initial work 5. K.S. Ibrahim, B.A. Sllim, N-J. Bever, B. Kleinpoppen,

3
of Kohmoto and Fano who recognized that the sign of I. McGregor and L.C. McIntyre, Abstr. 9th I.C.A.P.,

< > was related to the attractive or repulsive nature Seattle, B46 (1984).

of the effective interaction potential, considerable 6. M.C. Standage and H. Kleinpoppen, Phys. Rev. Letts. ""---i...

discussion on this point has occurred in the literature. 36, 577 (1976). .. * ..

A discussion with references to earlier work has been 7. W.B. Westerveld, K. Becker, P. Zetner, J.J. Corr

given recently by Andersen et al.
4
. and J.W. McConkey, App. Opt. in press (1985).

We have now added a circular polarization analyser

and are in the process of carrying out a comprehensive ."." .. .-.

series of linear and circular polarization measurements

covering a variety of incident electron energies and " "

scattered electron angles. Full details of these will

be presented at the conference but initial measurements

2
confirm the trends noted previously

The polarization analyser consists of two flat

gold-coated reflectors. The angle of incidence is

chosen on the one hand to maximize the linear polari-

zation sensitivity of the device when operated as a two- r 4"
reflector linear polarizer as in our earlier work

and on the other to give the necessary Tr/2 retardation

between the two reflected components when operated ir

the circular polarization analysis mode. In this latter '--".".-"

mode the plane of incidence of the first reflector is

rotated, relative to the incident electron direction, .- E. .
through an angle 0 defined by

L7..• .. -
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ELECTRON IMPACT EXCITATION OF THE 3 P STATE OF HELIUM

J F Williams and I Humphrey*

Department of Physics, University of Western Australia, Nedlands, WA 6009

Electron-photon angular and polarization corre- and the transition probability rate to the final state

lations have been measured to determine the density lhf> is

matrix (multipole moments) of the 3
3
P state of helium wct)= T fl fHL(t)

2
p 7 c* ()M4+

excited in the collision process MM -M MM -M

e(E )+He(ls
2 

S) - He(ls3p
3
P)+e(Eo - 23.0 eV) 11k c0 0_ .-

0. 3889*A He(ls2s
3
S) 10 011 ,,

The measurements require (i) the detection of the inci- 01 O00 01

dent electrons scattered through an angle Oe and losing 01-1 0-10 11 -

the 33 P excitation energy; (ii) the linear and circular For P S transitions and the above geometry -
polarization analysis of the emitted photons; (iii) the w(t)= a(p11 + p00) + (p - 0) sin2" - ¢'21m0cos2-

~~~11 00 - O i2,- ~m.10 o2
time coincidence identification of those electrons (i) Using the parametrizationo p0 + 2p1 and = and

and photons (ii) originating from the same atom; and '0 = Ploexp(iX)

then (iv) the dependence of the angular and polarization then w(t) = 1- {1+(1-2A)sin2 - 2T(1-))sinXcos22}

correlation of the coincidence signal. = a sinusoidal function with unknowns X and

Figures will be presented at the conference as sin .

follows. The bars denote averages over the hyperfine structure

Figure I will show the coordinate system and and the excited state may contain an incoherent mixture

illustrate the experimental system, of pure states. The measured polarization correlation

Figure 2 will show energy loss spectra for (i) an and the fitted sinusoidal function are shown.

incident energy E of 48.0 eV and Oe =450 and (ii) E °

23.7 eV and 0 =700. Curve (i) shows the dominance of the Figure 7 will show the derived parameters of and -
e

21P cross section at an energy 26.8 eV above the thres- as well as the Stokes parameters q,. n2 and i3 which are

hold while curve (ii) shows the appreciable size of the w(t)0 =O - w(t)=/2

n=3 triplet states at an energy about 0.7 eV above 2= + = +w(-t) sinX

threshold and at 0 =700. w(t)=O w(t) 3 /2e w(t- - (t)
Figure 3 will show the linear polarization of the = w(t) +3/ w(t)" - 2j 1 (2X-1)

3889*A radiation from the 3
3
P-2

3
S transition. w(t)B-3 4 + w(t)--/4

Figure 4 will show a typical (e,hv) time coinci- =l -4.l{)(1-X) cosy where o 1 = 15/82 and c2 54/41 ....

dence spectrum for Eo= 40 eV, Oe =400. Fo 1u e t t si [2 i2
For pure states l2 + 22+fl3 2= I but for triplet .... .

Figure 5 will show an enlarged section of the true 1 2 3
states the most coherent observation possible yields

coincidence region but with better statistics. The 2 + 22 +32

exponential decay results from the lifetime of the 3 P + 2 +2 3  1 where

state which is determined from each coincidence spectrum. Ir 2  3  4a + 2 16a 2 )(sin )X(1-k)

The spectrum of figure 3 yields a lifetime of 97.8±3.2 0.1338+1.1993 sin
2
, [

nsec. The average lifetime from a number of such-
There are no theoretical or experimental values for

spectra is 101.8±2.5 nsec. The weighted mean of the
comparison. Further measurements are being made to 0 "
improve the statistical accuracy to test the coherency

Figure 6 will show the total area under the true 3
condition for the 3 3P sub-states and the dynamical

coincidence peak yields the total number of (e,hv)
behaviour of the and i parameters.

coincidence pairs for a given E and 0 for a given r.
0 e

linear or circular polarization angle, t, that is one

data point. The measurement has been repeated for * Now at Princeton University. NJ

various values of ,t to produce the data of figure 7.

The data have been analyzed as follows. The

energy eigenstates of an atom at time t are
..,k(t)> Yj ak(JFF )IJIFM Fexp(-l t)exp(-iEt/,f)

JFF F F 2 ~0 -.

S..".. . .. " 0.".-."

• .'i :"='""":-

, ' ..." ._ ..---..-.---" ...? ." ' -..---.." " -' .: ..= -' .- -' . . ' ." - ' ." " - .' .-" --" " . -.-..- . -%.
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ANGULAR CORRELATIONS IN THE ELECTRON IMPACT EXCITATION OF SODIUM

J.L. Riley, P.J.O. Teubner, J.E. Furst and M.J. Brunger - ,

School of Physical Sciences, The Flinders University of South Australia, -" '

Bedford Park, South Australia S042, Australia

The most commonly used procedure in experiments results confirm, in part, the predictions of Volkel

involving electron photon coincidence techniques in and Sandners.

atomic physics is to measure angular correlations.

That is the coincidence count rate is measured as a References .

function of the angle of emission of the photon in the 1. K. Blum and H. Kleinpoppen, Phys.Rep 52, 203, .

scattering plane. The data derived from such (1979).

experiments have proven to be a sensitive test of the 2. J. Macek and D.H. Jaecks, Phys.Rev.A 4, 2288

theory of electron collisions with atomic hydrogen (1971).

and with helium (see for example the review article by 3. G.A. Parker, T.M. Miller and D.E. Golden,

Blum and Kleinpoppen' and references therein). Phys.Rev.A 25, 583 (1982). -

The theory of angular correlation experiments has 4. I.E. McCarthy and E. Weigold, Phys.Rep 27, 275 _

been developed by Macek and Jaecks
2 

for the general (1976).

case of an atom which radiates under LS coupling rules. 5. M. Volkel and W. Sandner, J.Phys.E 16, 456 (1983).

This theory can be applied to the excitation of the

3
2
P state in sodium and demonstrates that the angular

correlation is essentially isotopic. Here the

isotopy arises from the depolarising influence of the

unresolved HFS in the excited state. Nevertheless

it has been proposed
3 

that angular correlations can

be used to derive scattering parameters for the

excitation of the state.

We present the first angular correlation to be

measured in the electron impact excitation of sodium.

The incident electron energy was 54.4eV and the
electron scattering angle was 5*

.  
The deduced values "' .. '~

of the parameters A and cos X will be presented and

compared with those derived from a coincidence

experiment using a polarised photon technique.

We conclude that the polarised photon technique

is superior because not only does this technique

contain more information in principle but it also

has demonstrable experimental advantages.

We also present an analysis of the experimental

limitations in coincidence experiments in sodium.

We find that apart from the well known role played by

the window width , the major influence of the ratio

Ia) limits the use of coincidence experiments in

the excitation of sodium to scattering angles less than

15 at energies in excess of 12eV. Here Q is the

total cross section for the excitation of the state and

a the differential cross section. In addition we

present an analysis of the factors affecting the timing

resolution in coincidence experiments. Results which

demonstrate the dominant role played by the geometry " .

of the electron spectrometer will be presented. These

............ ......... ,.
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THE DIFFERENTIAL CROSS SECTION FOR ELECTRON EXCITATION OF
THE VP (m 0 ) STATE OF HELIUM*

+

D.J. Burns, N.W.P.H. Perera, B.N. De and C.R. Hummer
+

Behlen Laboratory of Physics, University of Nebraska,
Lincoln, Nebraska 68588, USA-. -

The differential cross section for excitation of , ,
the VP (m, = 0) state in helium by electrons has been

investigated for a range of scattering angles and for

incident energies up to 80 eV. This was done by

detecting the inelastically scattered electrons in

coincidence with 501.6 nm photons that are emitted when

the state decays to the 2'S level. The electrons are

detected by an analyser consisting of a series of zoom r

lenses, a hemi-spherical energy selector and a J

multichannel plate. The detection geometry is such

that the photons are detected by a non-polarizing

filter and detector located in the scattering plane and

at 900 to the electron beam axis. For this arrangement

the coincidence rate at a given scattering angle is

proportional to Oo(e), the differential cross section

of m = 0.

It has been found that the coincidence rate must

be normalised to the scattered electron counts, rather

than the photon counts. This necessitates measuring

the relative differential cross section for the n = 3

manifold of states at each impact energy. This is

obtained from analysis of the energy-loss spectrum

at each scattering angle and is a by-product of our

measurements.

Measurements over an incident energy range from

40 - 80 eV will be presented for angles from 10' to 60
°
.

Results will be compared with a series of model , .-. .

calculations by Madison
2 
and others. So far, our data -"

agrees best with a theoretical model in which the
." '. ."w.%+

calculation of the distorted waves uses an excited

state potential in both channels, instead of the ground

state potential. L

Work supported by the National Science Foundation. - -"-

+Present address: Department of Physics U-46, - -. .

University of Connecticut, Storrs, Connecticut 06268.
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ELECTR0N-VISIBLE PHOTON ANGULAR CORRLTIONS FOR TIE 3 P STATE OF HELIUM
EXCITED BY LOW E YGT BLECRGW]S

P A Neill and A Crowe

Department of Pure and Applied Physics, The Queen's University of Belfast.

Belfast, United Kingdom w"-

Most previous angular correlation studies of References .- "

excitation of the 31P state of helium have been made by
,S . . .-..

observation of the scattered electrons in coincidence 1 Mleinpoppen, Phys 3 . 2058 (197). . .. . .-

with the 53.7 um VUV radiation emitted in decay to the W

all. Crowe et a12 Geebrt.~ 2. A Crowe, T C F King and J F Williams, 3 Phys 3 4,
ground state, atinyan et 1219 (1981).

a1
3 

and McAdams and Williums
4

. Such measurements are L
3. G Gelebart, B Leguesdron and J Peresse, Phys Lett

only valid under conditions where the 3
1
S and 31D VA. 345 (1982).

differential cross sections are negligible compared 4. R McAdams and 3 F W~illiams, 3 Phys B a., L247

with that for the 31P state. These three states cannot (1982).

easily be resolved in the scattered electron channel.
5. B B van Linden van den Beuvell, E X van Gasteren, J

The decay of the 3
1
S and 3

1
D states to 2P is followed van Eck and B 6 M Heideman. I Phys B 1. 1619

by emission of 58.4 nam VUV radiation as it decays to (1983).

the ground state. In the photon channel this radiation 6. N C Standage and B [leinpoppen, Phys Rev Lott 6l'

cannot readily be isolated from the 53.7 nm radiation S77 (1976).

without the unacceptable loss of intensity and possible 7. A Crowe, J C Noguira and Y C Liew, I Phys B ,. ,

polarisation effects of a VUV monochromator and hence 481 (1983). , "

these states contribute to the observed coincidence

signal. van Linden van den Beuvell et alS have

deconvoluted the 31P and 31D contributions to their

observed signal, but the statistical uncertainty

associated with measurements of this type hinders the

accuracy of the resulting angular correlation

parameters. UP "

This problem can be avoided by observing the 501.6 am

photons due to the decay of the 31P state to the 2
1
S

state. The only previous measurement of this type was

reported by Eminyan at all at an incident electron

energy of 80 eV and for electron scattering angles 0e <

300. The experiment of Standage and Kleinpoppen
6 

in

which the polarisation state of this photon was

determined gives equivalent information. The

disadvantage of the visible photon detection is the

large branching ratio (40:1) in favour of the ground LA -

state decay.

In this laboratory angular correlations between

scattered electrons and 501.6 su photons have been

measured over a wide range of incident electron " - -

energies and scattering angles using the apparatus of

Crowe et el
7 

with the VUV photon detector replaced by a

photmul tipliler. - -- ,-.,,.

Data will he presented for incident electron energies

in the range 29.6 oV to 80.0 eV.

%p

...................................................................................
~I:*.A. . ~ S .. a~t'*:::.**... . .:.. -:::
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ELECTRON IMPACT EXCITATION OF THE 4p 5
(

2
P3 / 2 ) 5s 3P1 AND

4p5 ( 2P/ 2 ) Ss 
1
P1 STATES OF KRYPTON

S 3 King, P A Neill and A Crowe

Department of Pure and Applied Physics. The Queen's University of Belfast, '. . -s
Belfast. United Kingdom -,

Excitation of the lowest lying excited states of UnitedKingdom -

krypton, viz 4p' aP) Ss sP. and 4pS(3Psl/ ) 
55 ±P.:

hae en tdidusn tescattered electron-photon 1-.

cngular correlation technique. Compared with the --

ituation in lighter atoms, the analysis of these /

angular correlations may be complicated by the presence 0Z

of spin-orbit coupling effects. Blum et all and da

Paixao et a1
2 

have shown that the angular correlations , .

for excitation of a I = 1 from a J 0 state for heavy .6-

atoms in the presence of spin-orbit coupling can be - / /"

.haracteriaed by four independent parameters (). X e. / \ / /

A) compared with only two (X. X ) for an LS-coupled O.4-

system.• .
u /

Experimentally. X. X and e. where cos X - cos X cos 0.2

A. can be determined by measuring two independent 0

angular correlations. We have chosen to measure one

angular correlation in the scattering plane and a D0 20 40 60 80 100 12 140 160 180 --

second over a conical surface, the axis of the cone

being perpendicular to the scattering plane. This Photon Angle(Degrees)

allows both angular correlations to be determined

simultaneously. Details of the experimental

arrangement will be presented together with the Fig 1: Angular correlations measured in the scattering

analysis which enables X, X and a to be determined, plane for the 4pS(SP,/) Ss Px state of krypton

for an incident electron energy of 60 eV and a
The only other angular correlation data for these scattering angle of 200. The dot-dash line is . ..J.(

states have been presented by McGregor et a1
3 

at 36 and from McGregor et &13. The dashed correlation is

60 eV for scattering angles of 200 and 300
, 

and by calculated from the X. X and e values of Nishimura

Nishimura et al
4 , 

at energies in the range 40 to 80 eV et a1
4 . 

The data shown is from this laboratory
and scattering angles ( 300. The only common data from and the full line is a fit of the appropriate

these two groups is that measured at an incident angular correlation function to that data.

electron energy of 60.0 eV and electron scattering

angles of 200 and 300. There are large differences

between the data. References

1. K Blum, F J da Paixao and Gy Csanak, J Phys B At
Figure 1 shows the angular correlation measured in Mol Phys 3, L257, (1980).

the scattering plane for the 2P state by McGregor et 2. F J da Paixao, N T Padial and Gy Csanak. Phys Rev

S1
3 

and Nishimura et a1
4 .  

It can be seen that they I McGregor. 0 ls. R Bippler. N A Malik, J F. .

have nearly opposite phases. The correlation measured Williams, A A Zaidi and H Kleinpoppen. J Phys B
At Mol Phys L. IAll, (1982).

in this laboratory is not in agreement with either of 4. B Nhshimura. A Danjo. T Koike, K Kant. H Sugahara

the previous correlations. Further data from this and A Takahashi, Abstracts 13th Int Conf on
Physics of Electronic and Atomic Collisions.

laboratory at 60 eV and over a range of electron Berlin, p 130 (1983).

scattering angles will be presented, together with 5. G D Meneses, F J da Psixao and N T Padial 'private
communication).

arguments for its preference over the previous data and

a comparison with very recent calculationsS. - '

o~~.o....... .............. ............... ........... . .. o.

~~~~~~~~~~~~~~~~~~~~~~~.-.-.-...-.-........%'.-. -+.......°...'... ....-------.... '.....'.. '..'. -..... -..
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MEASUREMENT OF SPIN EXCHANGE AMPLITUDES IN ELECTRON V% _e
IMPACT EXCITATION OF THE 3 3p STATE OF HELIUM• '., •

•"

H A Silim, H-J Beyer, A El-Sheikh and H Kleinpoppen

Atomic Physics Laboratory, University of Stirling, Stirling FK9 4LA, Scotland

We have carried out for the first time a polarization -..

correlation measurement on the 33p state of He excited by E I " - .

electrons. 60 eV electrons are selected by a 127
° 
mono- .

chromator and crossed with the He beam. Scattered elect- .. .

rons, having lost the energy corresponding to the excit-

ation of any of the n=3 states, are observed through a % . .

127' analyser and the decay light of the 3 state (3889A)

is detected at right angles to the scattering plane __-_-_-_-"_,_"_-""

through an interference filter and analysed for linear and oDW51L K.4_

circular polarization. An example of the time correl-

ation spectrum between the scattered electrons and the Figure 1. Time correlation spectrum between electrons

photons is shown in figure I (polarization analysers scattered by 40' and 33P2 3S decay light. Time per
3 channel 1.6 nsec; accumulation time 18h.

removed). The long lifetime of the 3p sta-:e of 95 psec

results in a correspondingly wide coincidence signal and,

therefore, a large number of background coincidence counts

below the peak. This necessitates long measuring times

(typically 24h per signal). "."

From the polarization correlation signals the Stokes para-

meters of the light are determined for each electron

scattering angle. These are related to the scattering

parameters of the excitation process in the same way as

for the 'P statesl,
2
. However, the fine structure of

the 'P states causes considerable depolarization of the

states between the excitation and the emission of the 00 40 50 70- "

light. The depolarization factors G can be calculated
2 SCATTERING ANGLE (deg)

from Blum and Kleinpoppen , and are G = 15/41 for the

linear and G = 27/41 for the circular polarization Stokes 0.0 30 40 50 60 70
- ' ; . . . - I . - I . - I. . .

parameters. Using the parameters a (corresponding to A

in the 1
P case) and y (corresponding to X in the 

1
P case)

we obtain:
-0.5 r

=i (I5-I,3 MI / 14+35 = -(30/41) ra-(-a) cosytI

n2 =-(I L I R)M L +I R) (54/41),,TF-)sinY ~(tj
j = (10 190)/(I0+I90) = (15/41) (2a-l) -0 I"

a and y have been derived from the measured Stokes para-

meters and preliminary results are shown in figures 2 and H i
3. No theoretical values are available. It should be

noted that in contrast to the 
1
P case where the underlying

scattering amplitudes contain contributions from both

direct and exchange processes, the 
3P scattering amplitudes . -

are pure spin-exchange amplitudes, and thus measurements

on the 
3
P states allow very specific tests of the scatter-

ing theory. -2-5

REFERENCES
I M C Standage and H Kleinpoppen, Phys. Rev. Lett. 36 Figure 2. Parameter a=Iao1/(lao 2+21all')and

577-80 (1976) phase shift y between the excitation amplitudes ac
2 K Blum and H Kleinpoppen, Phys. Reports 52 203-261 (1979) (

M
L=O) and al (ML=i±) as a function of the scattering

angle.

.......... ............
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POLARIZATION CORRELATION MEASUREMENTS ON THE 3
1
P STATE OF HELIUM

K S Ibraheim, H-J Beyer and H Kleinpoppen

Atomic Physics Laboratory, University of Stirling, Stirling, FK9 4LA, Scotland

We have studied the polarization correlations for electron change of X through the line -i is indicated correspond- %

impact excitation of the 31P state of helium covering an ing to a sign change of the angular momentum transfer ..

extended range of electron impact energies and scattering to the atom which was also borne out by the circular

2angles. The scattered electrons, having lost the energy polarization Stokes parameter . The large angle angular

curresponding to the excitation of the n=3 states, are correlation measurements by McAdam and Williams are

observed in coincidence with the light emitted in a dir- also shown. Even though their results did not point

ection perpendicular to the scattering plane. The Stokes towards a sign change of the angular momentum transfer

parameters for linear and circular pclarization are they are nevertheless fairly consistent with the present

measured and analysed in the same way as in the previous results.

measurement by Standage and Kleinpoppen which was re-

stricted to 80 eV and small scattering angles. From the REF

Stokes parameters the values of the usual scattering I M C Standage and H Kleinpoppen, Phys. Rev. Lett. 36, , _

parameters ani are derived, and the present results 577 (1976).
of for lie various energies are shown iF. figure I using 2 K S Ibraheim, H-J Beyer and H Kleinpoppen 2nd ECAP

Amsterdam 1985, Book of Abstracts.

the range 0 to -2- for convenience. For all energies a 3 R McAdam and J F Williams, J Phys. B 15, L247-51 (1982).

5--'-•i v -I -

Et 50ev I E=80 eV E=120 eV E=160 eV

-2-

----3 - - - - - - - -" - - -

-Tr -20 0

0 30 60 90 0 30 60 90 0 30 60 90 0 3 . 6 90 .. ..

SCATTERING ANGLE (dog)

Figure 1. Phase difference X between the excitation amplitudes a7 (ML=0) and ai

(ML=±) of the 31P state of He as a function of the electron scattering angle for
different values of the incident electron energy. o present work; * 1!cAdam and Williams

.. " . ..

• , , •. .. g°.' " . . . -. - .. " .. - . '. ,, ". " .- ,. ". ' -•' . ?, : 4.%-. ", -. '. -, . . ' -. . ,,.'.. ..*-
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E1.FCTRON IMPACT EXCITATION OF THE 32P STATE OF SODTUM

R. P. Fiegel, S. R. Lorentz, T. M. Miller, D. E. Golden, J. E. Furst

Department of Physics and Astronomy, Univ. of Okla., Norman, Oklahoma 73019 USA

Electron-photon coincidence experiments from

electron impact excitation processes have rendered new

information about atomic collision processes. Of par-

ticular importance in the current generation of experi-

ments is the observation of effects due to electron ,' --

exchange processes.' The coherence of the excitation

may be tested and some insight gained into the role of

exchange in collisions even in experiments in which no

spin analysis is performed. This then provides a

direct test of ne Percival Seaton hypothesis.

We have measured differential cross sections for the

electron impact excitation of the 31P state in Sodium,

in the energy range 10 to 50 eV. The next step in our

investigation has been to measure scattering amplitudes

and phases ( X,X ), using the angular correlation

technique, for the 31P state. This process did not

include any state selection of the ground state.

Comparison will be made with calculated values and

other experiments.

We will further present expressions deriving the

relationship between the angular correlation parameters

and the scattering amplitudes where the ground state

Na atoms are prepared in a single hyperfine level.'

References

I. P. J. 0. Teubner, J. L. Riley, J. E. Furst and

S. J. Buckman, J. Phys. B. 18 351 (1985).

2. G. A. Parker, T. M. Miller, M. Mahgerefteh and . - .-. .-

D. E. Golden, Phys. Rev. A 29 1770 (1984).

%. - .
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SUPERELASTIC SCATTERING BY A HEAVY ATOMIC TARGET*

T.T. Gient

Royal Holloway College (Univ. London), Egham Hill, Egham, Surrey TW20 OEX, England

We develop the formalism of superalastic scattering scattering angles or not and a check of the self-

by a heavy atomic target whose charged cloud in its consistency of our tip-over hypothesis can, therefore,

excited state is assumed to have been somehow tipped be provided. To have a further check of our hypothesis,

off-balance by electron impact out of the "superelastic we suggest that when superelastic scattering experiments

scattering plane". are performed, it would be worthwhile to position

The charged cloud of an excited heavy atomic target electron detectors outside the superelastic scattering

is, therefore, referred to three different frames: plane, especially inside the plane of maximum tip-over

charged cloud, natural and collision frames. Since the angle, to watch for those non-superelastically

distribution of the charged cloud is symmetric in its scattered electrons which have so far been totally

charged cloud frame, by a suitable choice of axes, only ignored in these experiments. We also show that

three independent and real density matrix elements are within the tip-over hypothesis, there exist two relations

required to represent the "superelastic scattering which the alignment and orientation coefficients in the

system" of a heavy atomic target where the spin-orbit collision frame must satisfy. These relations can

coupling effect is expected to be present. Formulae of also be verified experimentally. It is worth noting

the measurable alignment and orientation coefficients in that such a "fictive" plane asymmetry effect may have

the collision and natural frames are given in terms of been observed in some recent superelastic scattering

the tip-over angles and the density matrix elements in experiments 
2 .

the charged cloud frame. It is then shown that the

formalism of superelastic scattering of a tipped-over

charged cloud can accommodate without violation of ' Research work supported by NSERC of Canada

parity a "fictive" plane asymmetry effect. This effect t On sabbatical leave from the Department of Physics,
was previously pointed out to apparently exist in Memorial University of Newfoundland, Canada
superelastic scattering experiments We also show (permanent address) during 1984-1985

that the magnitude of this "fictive" plane asymmetry 1 T.T.Gien, J. Phys B 15, 241-2508 (1982); ibid, 7 n

effect depends on how greatly the charged cloud has 4617-27 (1982)

been tipped over. 2 D.R. Register et al., Phys. Rev. A 28, 151-60 (1983)

A mechanism is then proposed to produce this tip-

over of the charged cloud by electron impact without

violating parity. We suggest that the tip-over may

be caused by another electron which non-superelastically

scatters on the charged cloud into directions outside

the superelastic scattering plane and was simply not

observed in previous superelastic scattering experiments.

We show that with linearly polarized laser, the

electron signal of super-elastic scattering measured .

inside the superelastic scattering plane is

I( ) (I + In 3cos2 % + Inlsin2t?) (1) ,

The measured "asymmetry angle" w is therefore given

by .

2(sin8 AcOl c Acol-v( _I - vos A2_ -. '
tan2w = 2 c col 2 .col (2)s2n A1col 1co

sin 8 A - sin26 A ± l-on8)Ac
v ) v 2+.

Measuring w at five laser directions would enable

the determination of all five alignment coefficients

at different scattering electron angles. The tip-over

angle of the charged cloud can then be determined.

Thus, one may be able to verify whether the tip-over

angle will only be significantly great at small

):!:i~?: ! i / :::::::: !: -:: i ========================== : :: " ::::::::::::S
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ANALYSIS OF ORIENTATION AND ALIGNMENT IN ELECTRON IMPACT EXCITATION OF HEAVY RARE GASES: THE Ar 4s IP AND 
3
p GARP

N. Andersen, J. W. Gallagher, I. V. Hertel* and F. J. da Paixao

Physics Dept., University of Aarhus, DK-8000 Aarhus, Denmark and
Physics Laboratory II, HC Orsted Institut, DK-2100 Copenhagen, Denmark

Joint Institute for Laboratory Astrophysics, 'niversity of Colorado and ' -

National Bureau of Standards, Boulder, Colorado 80309 USA

*Institut fOr Molekiliphysik, Freie Universit~t Berlin, DIoo Berlin 33, Germany F.R.

Traditionally,1 orientation and alignment of heavy

rare gases excited by electron impact have been ana- Nej

lyzed in terms of the parameters X, X, cos A and cos c. 0

It is, however, difficult to relate these parameters to rO  P,1kOf)

physical pictures of the collision dynamics and shape

of the atom after the excitation process. Generalizing b

the ideas presented earlier for the helium case, we 16

here suggest an illustrative way of reanalyzing the .
available data for the heavier rare gases which at the

same time relates in a more direct way with the experi-
mentally observable quantities. To this end we use the <L. 0 . """...

angular momentum = -P3, the alignment angle y of - ""

the charge cloud, the degree of linear polarization

Pk ( = + P ) 1/2 perpendicular to the collision -10 -

plane [or alternatively the total degree of polariza-
tion P 2 (p 2 +2p / 2 1 and finally the relative 900 -7,

height of the charge cloud P0 = [(1+Pl)(l-P 4 )]/

[(3+PI)+P 4

(
1-Pl)

]
, using the conventional definition OO 00

of the Stokes parameters (PI, P2 , P3 ) measured per-

pendicular to and the linear polarization P4 in the

collision plane. The density matrix in the natural -90 I'I I-I I"

frame
2 

can then be decomposed as

l  
P l 0 0P exp(21Y)

r11 0P 3 tinl0o) 0 0 08 '0 , - ( 1-o0 
) 
{' 0 0 0 .- - '-..--

0P 0 P Ic.c. 0 l+P 3 P 06
P-ll 0 - IP3 0 4

0 02 -- 10 "
+ Po 0 1 0 0"2 It

and the relations of the new parameters to the old ones

are: 0 5 I

000 - -- (I-X)(I-cos ) and 04

00 003 ,

(I- 0 0 )(PP,P2 'P3) = " - (l-A)(l+cos t) 0

-2/ -- ) cos A cos _ , 2/X(I-X) cos A sin OX)

An example of this analysis for the 4s[3/21 ( 
3
P )

state of argon at 16 eV initial electron energy is 0 40 80 120 160
L ~SCATTERING ANGLE (dg)

shown In the right column, using the results of da SATRN AGL ('g

Paixao et al.
3  

The graphs display in a smooth way the References.(+)

close relation between angular momentum L , alignment
(P(+))caused mainly by direct 1. F. J. da Paixao, N. T. Padial, G. Csanak and K.

Blum, Phys. Rev. Lett. 45, 1164 (19RO).

and exchange interaction, and, on the other hand, the 2. N. 0. Andersen, I. V. Hertel and H. Kleinpoppen,
J. Phys. B 17, L901 (1984).

pure effect of spin flip processes - 00. More exam- 3. F. .1. da Paixo, N. T. Padtal and C. Csanak, Phys.

plea will be presented at the conference. Rev. A 30, 1697 (1984).

..,...,........ ....... .... .. " ... ...... • .... "....""..'""" '""" ; " " '""" " ""
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A RELATIONSHIP BETWEE'V TE frIPECT AND TtHE EXCiANGE A'pi ITUI)ES OF

e- H COLLISIONS

by

Ik-Ju Kang,* Ung-In Chl and Gye Tai Park*

-Southern Illinois University at Edwardsville. Edwardsville, IL 62026 USA - -*

iYonsei University, Seoul. Korea

It is well-known that for the ionization of Hi-atom Thus, the relation obtained as in Eq. (8) has an

by electron impact, e ) H(s) e-(kl) . o-(k 2 )+H
5
, appearance similar to that of Ochkur's in Eq. (2) and

there exists a relationship between the direct (D) and has an additional factor of G(b = o)/(b 1), which

the exchange (L) amplitudes which was found first by is not unity.

Peterkopm(1 as It is remarked that the relationship in Eq. (8)

remains valid for all of the excited states (n,1) of
the hydrogen, including the Is-state. Furthermore, the

For the excitation of He-atom by electron impact expression for the M in Eq. (5) is good for any excited

Ockur (2) found a relationship between the direct ([iepesoifrteMi q.()i odfo n xie

states of (n,1} so that no other integration is needed *-

and the exchange (E) amplitudes in the high energy limit for the purpose of evaluating various excitation

which is given as processes.

1)&)/k2 , with k k - ko .  (2)

In this paper, a relationship is obtained between the References:

D and E for 1. R. K. Peterkop, Proc. Phys. Soc. (London) 77, 1220

IlilsI H~nim) (1961)

2. V. 1. Ochkur, Zn. Eksperim, i Teor. Fiz. 4S, 734
which may be valid in the intermediate energy region.

(1963)The S-matrix formalism is employed to describe the 
:!:'!!!i"

process with the coulomb waves representing electrons

t. -unum r ad ,

continuum state wave functions are parameterized

respectively as or ihk -5 (.' .(5)
ts = l -Xr e-b~or eiako-r

and
t -X r -ia K r e i b k , 

r 
. 4

Xk °
0 = Nk e e- ....0 ko

The quantity M is defined as

M =< -t (1) ts(2) . (5)
X l (1, tkn, (2) \'12 X 

"Is'" "°•'

and evaluated with the use of the generating function

of the associated Laguerre function and further

approximations. Since the quantity M is related to 
the

0 and the E as

F D = M(a=o, b=l, Ko=l,/::o , ko=ik o ) (6)" -

and

E = M(a=l. b=o, Ko=ik o
, iko=l/n o ) (7)

a relationship between the D and the E is obtained and

given as

E = q 
2
/kj G (b=o)/G(b=l), (8)

with 
t.

GO3) =( 6 /6 s)Nx (N + P)./N! P /(1 s) P

2 +2(9)ilII2 + e (1 =*.
fn -N = 

. . . . .

B , C1 + s)/Ci s + b% o (lo)-'

Z..

°. % " " .% °',.% , °- .°' ° - .- ..'..~. , o o , ° -, - .• . , -, , . °. .° • . .- . - .o . • . -. . , . . - - . • , . . . . - °
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ELECTRON IMPACT EXCITATIONS OF 3s AND 4s STATES OF HYDROGEN

S.Saxena,G.P.Gupta and K.C.Mathur

Department of Physics, University of Roorkee, Roorkee 247667, India

A distorted wave approximation is used to compute
the differential and integral cross sections for the Is- -|

ns (n=3,4) excitations of hydrogen atom by electron

% impact. A comparative study s made by using distorted

waves (Coulomb waves) either in the initial channel or in e-
100.v ...

the final channel or in both the channels. -2 1 "2
0

The differential and integral cross sections for the \
excitation of hydrogen atom from an initial state i to a 0

final state f are respectively given by inc,

do 1 k l 1 TI 3'11 3T12 3 / -Ci
Sd)i-f 27 k4 -k 4- FCd '0

k k DWPO
and O 2(- q dq (2) -' \ "IC

i-f f k i_k
1 kkf9

where q(=ki-kf) is the momentum transfer vector, k, and 1 . - - -
* if 1 W

kf are the momenta of incident and scattered electron U.

respectively. • .- '" *

The T-matrices for the electron impact excitation

of hydrogen atom, in the Coulomb-projected Born approxi- 10 3-"-o"20 ISO 10 30 60 90 120 160 180 . . .
mation(distortion in the final channel only), in the SCATTERING ANGLE B (deg) Ak-

modified-Born approximation (distortion in the initial

channel only) and in the two-potential approximation

(distortion in both the channels), are respectively Fig

given by

TCPB -)
i-f X

where V' = I s the Coulomb interaction between the 10'
r12 is1

incident and target electron. C+H

MB <f ' 
( S'-4s" "

T f < 0 lvi x'') (4)i-f f i a100 ev

where V = 2 - is the total interaction potential o,

of the incident electron with the target hydrogen atom.-\

i-f= f i f i (5) CI

where U\/--and--1-----.----
where U and =! - , 6 is the screening 10

2 12 2 CrIC
parameter. 8 .

Figures 1 and show our results for electron impact - -

excitations (ls-3s and is-4s) of atomic hydrogen at w-

100eV. The curves IC, FC, BCI, BC2 and B are the calcu- hi %" '
La.

lations which include (i) distortion in the initial cha- ! -

nnel only (IC); (ii) distortion in the final channel

only (PC); (iii) distortion in both initial and final -6 I *, -. .....

channels (BCl, with 6, and 6 calculated according to 0 30 60 90 120 10 180 r

the procedure of Junkerl; and BC2, with i=f.1); and SCATTERING ANGLE S (dog)

(iv) no distortion in either channels i.e. the first

Born calculation(B). In figure 1, we compare our results References FI1
with the calculation of Syms et al (curve DWPO). 1. B.R.Junker, Phys. Rev. All, 1552 (1975).

Detailed results will be shown at the conference. 2. R.F.Syms, N.R.C. McDowell, L.A. Morgan and

V.P. Myerscough, J.Phys. B 8,2817 (1975),.

-7 -
• - . , - - . i,. . - ,
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ELECTRON HYDROGEN SCATTERING AT INTERMEDIATE ENERGIES ., -.

Joseph Callaway

Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803-4UU1, U.S.A. -'6

This paper reports calculations of cross sections falls of more slowly thereafter. The 11) IJ ~r .

for elastic scattering and excitation of the n-2 amplitude is quite small in the range of k
2
=1.6-1.8. - ' -

incident In contrast, the 2p excitation cross section has a

energies from 15 to 54 ev. The calculations are of broad maximum with the peak close to k
2
=3.0.

the close coupling type, and employ a basis of eleven

states including the exact ls,2s,2p, and 3d atomic The present results may be summarized by giving

states plus seven pseudostates. The parameters of coefficients in a least squares fit to the collision

this set are listed in Table 7 of Ref.1 ("Standard 5- strength (Q=2k2i) of the form
4-2"). The calculations are made variationally as"" "" " "

described previously
I
, n a i  "i

0 
=  
£ -- +1 I~n X

The basis set employed has two pseudo thresholds i xi - kaI texi io nr
'

T

in the energy range of interest. Structure associated in which X=k2/Ex, Ex being the excitation energy. The

with these pseudo threshold is removed using an fits given below were constrained in that the

amplitude averaging technique
2 
in each partial wave in coefficients a, and an+1 were set equal to the first

which noticeable structure occurs. This isBonapoitonaue.-'-'-.-"
occur. Ths isBorn approximation values.

accomplished by making a least squares fit to the

scattering or transition amplitude with a low order

polynomial in the energy. Tests on a model for which Table I

exact answers are known have shown that results Coefficients in the least squares fit to the collision

accurate to within a few percent can be obtained in strength (n=5)

this way
3
. However, in order to apply this technique

successfully, we have found it desirable to make I 2s 2p

calculations at a large number of energies, both in 1 0.888 0.89b

the region of the pseudo thresholds and outside of 2 -2.176 -11.161
it. The present calculations were made at 85 3 1.532 16.6b2

different energies between k
2
=1.1 and k

2
=4.0 for the 1.979 -3.20.

L=O, i, and 2 partial waves and for somewhat smaller 5 -1.808 -2.838

numbers for L=3,4, and 5. 6 0.0 4.439

Some improvements were made in the variational

programs which permitted accurate calculations to be

carried out through L=5 (although with a smaller basis

for L=4 and 5). The elastic scattering cross section References

is quite well coverged at this L, and the 2s,

reasonably so even at k
2
=4. However, a large number 1. J. Callaway, Phys. Repts. 45, 89(1978).

of partial waves contribute to the 2p excitation, and 2. P.G. Burke, K. A. Berrington, and C. V. Sukumar,
in order to estimate their contribution, the J. Phys. B14, 2891(1981).

unitarized Born approximation with exchange was 3. D. H. Oza and J. Callaway, Phys. Rev. A3U,

employed to estimate In all cases, the contribution of 1101(1984).

partial wave with L > 6.

The calculated cross section for 2s excitation ... ---
decreases rapidly between k

2
1. and k

2
.6 due to a

sharp decrease in the IS and ID contributions and

.................---.
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GLAUBER AMPLITUDE FOR l s--2s 2p EXCITATION OF HYDROGEN o. %
ATOM BY EIECIYON IMPACT -. 1.1".%

B. Padhy and D. K. Rai
Department of Physics,Banaras Hindu University,Varanasi-221005 India.

The Glauber approximation has been success- 9-2 + 2.157 (3)
fullyuseglover the last decade for calculation 2 X

of cross sections for the atomic and moleciilar +l t Q *5' (P 4) "

collision processes. However, the exact Glauber and
amplitude has been obtained in closed form1 for 1 ,
the case of a charged particle scattered by a F. 5
hydrogen atom; but numerical computations are where

required for the case of other complex atoms L' 3 - , . -
including helium. As an r:lt rnative method w3with2.'
Yates proposed the evaluation of the first

few terms of the Glauber series in an exact 1:_ * _i', 9 if (6)
manner and neglected the other higher order 7r-- 1tf-tq,/A)J +K

terms assuming that their contribution wculd
be negligible for high incident energies. Yates Table I. l]esi:ltsof the present cnlculation
reported closed form expressicns for the first for 100 ev incident en-rgy. d-brorresponos
three tcrms of the Glauber series for the elastic to ls-,2s excitation and(6-60 to ls-2p
scattering of an electron by a hydrogen atom 2xcitation. r.esults are in units of' 4/fr.
in its ground state . The calculated differen- SCO-( @/J- ) ed-eg (dE/4- (dA#A
tial cross section is found to be in gcd 0 1.0 1.01.(i) 40 4.G(-3) 5.04L(-3)
8grecment with the exact Glauber cross section, -@..( 0 2*44(- 7.i5B ---
thereby justifying his neglect of higher order to .... ..__-.----.--_

*terms. 10 4 34(-V4-~q530 L. Uil (-) 21 (-4i )

2.0 15-474(-: 2S -1 DO C-035 H) 9 .399(-5)
Though Yates 3 himself mentions alout 30 8-2901-: J. -2) 130 3. 0t-4)M1.0 0-T()

extending his method to the inelastic electron- + The number in the psrenthescs shows the
hydrogen atom scattering, no such results have pov.er of 10 by which the quwntiiy is tc be

been reported so far. In this note we present ru] tiplied.
closed form expressions for the third term of

the Glauber series for the electron impact The first three terms f the vector amplitude
ls--*2s,2p excitations of a hydrogen -tom as for the 1s-+2p excitation aie viven by
,ell as the corresponding differertirtl cross -121 -2 /[-lc* .+2-:?J (7)

ecticns through order (1/k.), k. being the .= (3 4j]/ky) (-'/A.) . . (F) ,

inciglent ,,lve vector- I(-4T/n*) {+1".^"I - ,.,.AVM , - A"")"5 ""..

Atomic units ar- ued throughout .1he axis of ++#'-,'i(.i ] '(1TI +. iL (L-!)L- (
of qui.ntization of he atcric wave functions and the expre.i:.cn for i is the !rPnc .s -iv,-n
is Spjccificd by z=-- and the mt-twontum transIer in hq.(6). The differcntial crcs> sectinz fi .

vector = is asc.uiied to be peli'endicu).rr 100 ev incident cnergy, are -iven in tab1c I. -.
to the axis of quantization. f£he results arree with the exact (A:ulcr

results reported by Gien.. .
Expanding the Glauber amplitude in the form 'oc"crences

of an infinite series * 'res-ent addrers-Dep rt,,nt of IhysiesT. I.F.

S-L l-) , (1) Colle<e, Bhuboneswar 751014+ India.
the tE!i i reial cross section thrcugh order 1. D.K. Thomas and E. Gerjuoy , T."Vith. PhvF. 12'

(1/k) is written as 15.- ( 1971).S(-)=(ki / k.) U1,"41.- f, f - f, . 2) 2. TL.K. Thomras and F. f. Chart, Fh~y-1-.Pev. A U:, ..

For the Is--p2s excitation cf ,he hycircrrn atom 52 ( 1973). F"f,.,n,..y-."v- U-<3. A.r.Yates .Chej:.:,hys. Lett. 2 ,,h_ O (lr'7::).
* ,e get 4. T.T.Gien,.;.'iys.',ev.A 20, 1M7 (1976).

.... ,.. . .. . ...- , .:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .N
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ACCURATE ELECTRON-HYDROGEN ATOM CROSS SECTIONS USING HYPERSPHERICAL COORDINATES

Diane M. Hood and Aron Kuppermann

Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, California 91125 USA

We have obtained converged cross sections and

phases for scattering electrons off hydrogen atoms 270 -"(83

using hyperspherical coordinates. Our motivation for 210 ---

using this new technique is that previous methods -- , ' "
150 I

coupled channel expansions using target atom eigen-/

functions,
1 polarization functions and pseudostates,2 C3

and variational methods3 -- have all presented .S0

difficulties. The coupled channel calculations tend to -$0

converge slowly with respect to basis set size, and the -0 - ' ' ... * . * ' " -

variational method with pseudostates interjects spuri- 4

ous resonances. Previous applications of hyperspheri- (R,

cal coordinates4 '5 have used methods that, while ade- 3

quate for computing the energy level of the bound -

state of H- and the position of scattering resonances, : 2 "

are not well suited for full scattering calculations.- cc

We have obtained converged surface functions at a

set of discrete values of the hyperradius, which acts as

a parameter. They are calculated by expansion ina 0 ' 
i::: -. 06 -0.05 -0.04 -0, 03•".". "'"

basis set of the hyperspherical angle, which is obtained

by a finite difference method and includes the effect of E (A. U."

the potential.

FIGURE I (a) Triplet, odd J=1 contribution to the 2s

The scattering functions are then expanded in -. 3d cross section in the n=3 to n=4 energy range. (b)

these surface functions, and the resulting coupled Phases of the corresponding S-matrix elements. (2sl)

equations are solved numericalty at each energy. We. -. (3dr) and (2s, -. (3d3).

have so far performed calculations for J=0 and J=l up.

to the n=4 threshold using a VAX 11/780 with an FPS .. n:es

164 attached processor. Both the magnitude and the " "."".
1, P. B. Burke, S. Ormonde and W. Whitaker, Proc. " "

phases of the elements of the scattering matrix are .....

converged with respect to the number of surface func- Py.o.231(97
2. S. Geltman and P. G. Burke, J. Phys. B, 3. 1062tions used. The method is accurate as well as efficient.

(1970)": " ' "'2:
These calculations are aimed at producing accurate

state-to-state differential cross sections and polariza- 3. J. Callaway, Phys. Rev. A, 26. 199 (1982).

tion cross sections. The results obtained so far will be 4. C. D. Lan, Phys. Rev A, 23, 1585 (1981).

presented. i H. Klar and M. Klar, Phys Rev. A, 17. 1007 (1978) "..,-. * -.

..-"-- :.. . ...... ....... J
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A COMPLETENESS TEST FOR PSEUDOSTATE EXPANSIONS . j.

D.H. Madison

Physics Department, Drake U., Des Moines, IA. 50311 USA ..

In close coupling calculations, scatter- We have calculated second order distorted
ing wave functions are expanded in terms of wave amplitudes for electron-excitation of the ..-.. :%

an appropriately chosen complete set of 2p state of hydrogen using various pseudostate
wave functions. Such complete sets typically basis sets which have been used in close
contain an infinite number of terms repre- coupling calculations. These results will be -

senting both bound and continuum states. In compared with the exact answer obtained from
practical close coupling calculations, the the full complete set of bound and continuum
series is truncated after including a limited states. The best pseudostate basis set will

number of terms of the bound state type. A be given.
common practive is to approximate the

neglected bound and continuum terms by a Acknowledgements
small number of bound-type states called Helpful discussions with J. Callaway are

pseudostates. While various schemes for gratefully acknowledged.

chosing these pseudostates have been employed,

the key question concerns the extent to which Work supported by the National Science Foun-
the pseudostate basis set approximates the dation under Grant No. Phy-8310644 and by a
results which would be obtained from the full Northwest Area Foundation grant of the

complete set. However, it has not been Research Corporation.

possible to unambigiously answer this Reference

question since exact results have not been
known. 1. D.H. Madison, Phys. Rev. Lett. 53, 42

Madison1 has recently reported a calcu- (1984).

lation of the second order distorted wave
amplitude for electron excitation of hydrogen
in which no approximations were made in the

evaluation of the second order amplitude. As

a result, an infinite sum over discrete and
continuum intermediate states was performed

in this calculation. Since these results
represent an exact answer for a complete set, "-..-•*-.-

they provide the opportunity for checking .
•

the completeness of various pseudostate

expansions. ThiF is a most important check

since it represents an exact answer for the

scattering problem. While it has been possi-

ble to check pseudostate basis sets by using
them to calculate various known atomic para-

meters, such a procedure does not necessarily
represent a reliable check of completeness '- "

for the scattering problem since there is no

guarantee that a particular atomic parameter
will be sensitive to the same radial range
that is important for the scattering problem.

.. . . . . . . . . . .. -.. .. *.. , * . . -.., ° -.
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CALCULATION OF INELASTIC ELECTRON-ATOM SCATTERING AMPLITUDES BY THE
METHOD OF LOCALLY COMPLEX DISTORTIONS OF THE ENERGY SPECTRUM

C. W. McCurdy* and T. N. Rescignot

Department of Chemistry, Ohio State University, Columbus, Ohio 43210
Theoretical Atomic and Molecular Physics Group, Lawrence Livermore National Laboratory,

Livermore, California 94550

Recently we have demonstrated that the array of distorted off the real energy axis only in a local

techniques employing complex basis functions, which interval. Furthermore this procedure avoids well known

have been broadly applied in the calculation of reso- divergences which are known to plague the complex

nance positions and lifetimes, can also be used in the coordinates approach when the functions f and g are not -

practical calculation of scattering amplitudes and exponentially bounded.
4  

A formal many-electron " -

total photoionization cross sections.
1  

In that work, expression for the T-matrix for inelastic electron-atom
which primarily used potential scattering examples, we scattering which is amenable to this approach is

showed that resolvent matrix element of the form TH- (fE (.-)( )*
t(*f(H-E) 4,i

) 
+ (*f(H-E) T Z--+-T (H-E) *i

)

lim (f, (E - H + ic)
-  

g)

£ 0 where *i and *f are antisymmetrized unscattered states

can be calculated for a wide range of types of in the initial and final channels. We apply this

functions f and g, by employing a finite matrix procedure to the computation of the Is-Is, Is-2s, and

representation of the Hamiltonian, H, in a basis of ls-2p amplitudes for electron-hydrogen atom scattering

square-integrable functions. That is to say that by in the Is, 2s, 2p approximation and compare the results

finding the matrix eigenfunctions satisfying with those of close coupling calculations. In addition

we present results for the 2s-2p transition in

(Di
'
H .j = Ei 6i electron-lithium atom scattering.

we can construct an apparently convergent spectral References

approximation to the resolvent matrix element of the 1. T. N. Rescigno and C. W. McCurdy, Phys. Rev. A 31,
624 (1985).

form

1 N (f,i (4ig) 2. J. Nuttall and H. L. Cohen, Phys. Rev. 188, 1542
lim (f, (E - H + i ) 

-  
g) = r (1969).i9) =E - , . ..'' -

i 3. B. R. Johnson and W. P. Reinhardt, Phys. Rev. A

The key to these calculations is the use of a 29, 2933 (1984).

basis of complex-valued functions together with a 4. R. T. Baumel, M. C. Crocker, and J. Nuttall, Phys.

definition of the inner product without complex Rev. A 12, 4R6 (1975).

conjugation. Thus the eignvalues, El, appearing in the

expressions above are complex as are the associated

functions oi. Although this approach is superficially

similar to the complex coordinates approach,
2 ,3  

in

which the coordinates are scaled according to r-re 
,

" -

the two techniques differ dramatically in the present

context. The eigenvalues, Ei, above do not lie on rays

in the complex plane, but rather on curves which are

; ..% .. , °

... .. .. .. .. ... .. .. .. .. ... .. ... '>.
................-. ,-*-.- .•-.
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ROLE OF EXCITATION ENERGY IN SECOND BORN APPROXIMATION

N.S. Rao and H.S. Desai . \ .. ,

* Physical Research Laboratory, Theoretical Physics Area, Navrangvura, Ahmedabad 380 009, India ,'i '
Physics Denartment, Faculty of Science, M.S. University, Baroda 390 002, India

The theoretical study of electron collisions N.S.P. is thankful to Physical Research Labora-

vith atomic systems has attracted a considerable tory, Ahmedabad, India, for the award of a Post- *

aDumt of interest in recent years. Firstly, there Doctoral Fellowship. ,.

is an increasing demand for electron collision cross

scctions in other fields such as astrophysics, laser References

physics and plasma physics. Secondly, a number of

jwu1tant advances have occurred on the experimental I. N.S. Rao and H.S. Desai, Pramana 17, 309 (1981).

side. These experiments nrovide very stringent 2. N.S. Rao and H.S. Desai, Curr. Sci. 52, 480

tests of the theory and have stimulated the develop- (1983).
3. F.W. Byron and C.J. Joachim, J. Phy. B. 10rent of new theoretical approaches. Motivated to 207 (1977)

these, we have improved our earlier work on elastic
1  

4. B.H. Bransden et al., J. Phy. B. 15, 4605

and inelastic
2 

scattering of electrons by helium and (1982).

hydrorn atoms to study the role of excitation

energy (DE) in the Second Born approximation and

hence on DCS for elastic and inelastic processes of
1,2helium and hydrogen atoms
1

.

Basically DE can be calculated by using optical

theorem and target polarization property. Using

these models DE's are calculated earlier. In the

present study two DE's are used to calculate DCS in

the Second Born approximation for elastic and

inelastic scattering of electrons by helium and -
hydrogen Etoms at incident energy E !6 700 eV. With ,
these results an attempt is made to show explicitly

the variation of DCS results corresponding to two

DE's for helium and hydrogen atoms.

It is observed from our DCS calculations that

the sensitivity of real and imaginary parts of the

second Born approximation due to DE is as follows

Re 
(2)  

h(2) .(2)Re' b 2  
Rei b Im b

HEA HEA HEA (")

j Finally we conclude that the effect of DE is

considerable in total integrated cross section than

in DCS calculations. The selection of DE is more

important in the intermediate angular and incident

energy regions both elastic and inelastic processes.

°* The DE obtained by means of optical theorem gives

, good results in the elastic process. Unfortunately,

there was no specified method for DE calculation

in inelastic process. Perhaps this may be one of

the reasons for considerable deviations between
4

. experimental and theoretical comparisons in the

inelastic process.

... .. .-...... .. ..-.. ,-%~~~~~~~~~~~~~~... . .. _.•......._. .. ,........ ... . ........ . .... .. .. _. . -'?--- l
° " -"-"--i-. 2 ."."- " ." '-."- - - .- --'."., .,--.'- -,--- - ". " "- --. " • : '- ".". .".. . . .-. .-..- ".".." -.-,-,.-'. .... .- '..... . -" '--.
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DISTORTED WLAVE CALCULAMIO: 'AM DIFF R-:'IDflGr: i
C. S. Si- 7r .

:,artment of Pfysics, anar-as H."indu TUzivrsity, Var-1n.si-221CC5',,In,1ia

It has been known for sometime that if helium-.toi. Distorted wave .-.-t:-iots with

both the initial- and final- channel distorted different choices (either initial channel

1;-aves .r calcul--ited with use of the final distortin,- potenti-Al or final charnel distor- .

channel distorting potential Vthe first tin- potential) for tlie diztortinE- 1,otential
order results are in much better agreement with have been used. Results woulK' be s:,.own in
the experit.nental dat in view of this wem the confe-ence.

-ire mai-a detailed coorarison of differen-

Ktial cross sections obtained for electron Reference

impact excitatino n ttso 1. D.1i. .. adiscn, Phys.Rev.Lett. ~,42 (1984,. -

N'

F%

_74
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THE COUPLED-CHANNELS-OPTICAL METHOD FOR ELECTRON-ATOM SCATTERING

I.E. McCarthy*, J.D. Mitroy* and A.T. Stelbovics'

The Flinders University of South Australia, Bedford Park 5042, Australia
t Murdoch University, Murdoch 6150, Australia

Electron-atom scattering may be described in terms and by the Born approximation with screening correlation

of reaction channels defined by target states Ii> and for the continuum and performing the kinematic integrals

total spin S. The target states satisfy the by a multidimensional method.

Schr6dinger equation The P-space equations (3) are written as coupled . - . -

(c-H ) Ii> = 0. (1) integral equations (solved using Gaussian quadratures)

in a distorted-wave momentum representation for channels
Where appropriate we regard Ii> as a discrete notation

i,jZ in P-space
for the continuum, using box normalization and the = <'

usual limiting processes. -i) -- c.-.(k.IU >--
The coupled-channels method is based on an anti- +<x( )I(k)lWJ I[X(+)(k )>+Jd

3
q
<X

()(k)W.fjx(
-
)(3)>

symmetric expansion of the total wave function 'YS
+)

(E) X x())ITjIX(+)(k.)>, (5)

in target states Ii>. For each value of S (suppressed E(+)--
2 

<X _q.

for convenience) we have a set of coupled equations that Ti - <.(lTJ >, (6)

we can express in a matrix notation in channel space - '

(all operators act on Y +)) W = v u, (7)

E-v = 0. (2) [E(+-c- -K-U]x t(ki) =0. (8)

Here K is the kinetic energy operator of the projectile, Here U is a local central potential chosen to cancel as

much of VQ
) 

as possible. A typical choice isV includes direct and exchange potentials. ij ..... , ..
Before taking the box-normalization limits channel U = VD0  (9)
Benc:;ioret a nd tebxag poenias the

space is discrete but of infinite dimension. After where VD direct part of the ground-state (static) "' -

taking limits the ionization continuum renders (2) potential.
potential..- - - . .

meainigless. Thus far the method has been applied with U = 0
Before taking limits we choose a finite set of (momentum representation) to hydrogen, and to lithium,

channels including the entrance channel, projected by sodium and potassium using a Hartree-Fock one-electron,

an operator P, for which we solve the coupled equations inert-core description of target structure.

explicitly using an appropriate representation. The - -The differential cross sections for Is,2s and 2p ,-.--.

complementary projection operator Q projects the states of hydrogen are essentially within experimental
remaining states including the continuum. We write a error. Elastic and dipole transitions for the alkalis
projected set of coupled equations using an opticaler
pojtea seto coupled equationsusinganopticahave correct total cross sections and correct positions

for angular maxima and minima, but the theory is a

P(E()K-v))P = 0, (3) significant overestimate of backward scattering,

= VQ[Q(E+)-K-V)Q]-IQV. (4) indicating the sensitivity to configuration interaction.

After the limiting procedure the continuum is intro- Static-exchange calculations for helium and argon

duced into (4) in terms of integrals over the continuum using (9) show that the distorted-wave representation

kinematic variables. Equations (3),(4) constitute a accelerates the convergence of the solution of the
meaningful coupled-channels theory, the Coupled-Channels- integral equation very satisfactorily.

Optical theory. They do not constitute a basis for a Progress will be reported in the use of the

complete solution of the electron-atom problem, since the distorted-wave representation, in CI descriptions of

spectral representation of (4) implies a knowledge of target structure and in the use of (5) as an

IF(+). However since the second term of (4) is of second approximation for (e,2e) reactions.

order in (3) it is hoped that an approximate evaluation References

of (4) will yield a good description of scattering I. I.E. McCarthy and A.T. Stelbovics, Phys.Rev.A 28,

processes within P-space. 2693 (1983)
The authors' Coupled-Channels-Optical method1,2 2. I.E. McCarthy and A.T. Stelbovics, Phys.Rev.A 2 , •- .

involves approximating Y(+) in the spectral expansion of 1322 (1983)

(4) by the Born approximation for discrete target states

........ ...... . ... .. ..-. . ..........- '..-..
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A DIRAC R-MATRIX CALCULATION OF E 1D rt SCA TFRING FICM Fe W0tII I

P.H. Norrington* and I.P. Grant+

*Department of Applied Mathematics and Theoretical Physics, Queen's University, Belfast, BT7 i1N, Northern Ireland ' r . .

+Department of Theoretical Cheanistry, Oxford University, 1 South Parks Poad, Oxford, OCX 3TG, England .

The R-Matrix method' provides a flexible approach each other above 13.1 Ryd and lie between the earlier

to the calculation of low energy electron scattering Breit-Pauli values. The two 10-state calculations

processes from atoms and molecules. For electron- agree to within about 2%. The better quality of the

atn scattering the space surrounding the target atom Dirac 5-state results is due to a better

can be neatly divided into two regions: the inner representation of the ground state.

region describes the complicated interaction The agreement with the Breit-Pauli R-matrix code

(including exchange) of the incident electron with here provides further evidence to validate the Dirac

the target atom; while in the outer region, where the method and encourages its use for heavier systems.

electron notion can be treated non-relativistically, Methods to improve the efficiency of the program,

the interaction consists of long-range potentials and which involves substantial extra ccnputation, are

is much simpler. The expansion of the wavefunction under investigation. We intend soon to apply it to - "
in~~~~ne inesigtin inee inteon soo teom appl ittal toi '''-. .-

in the inner region in terms of suitable basis electron scattering from Hg using a core potential

functions hears a close resemblance to that used in '["::':: ,:similar to that used in a recent Breit-Pauli -

bound state problems and similar solution techniques calculation.

can be applied. In light atom, where L-S coupling

dominates, Hartree-Fock techniques can be used.
2  

As fleferences

the atomic number increases, it becomnes necessary to 1. Burke P.G. and Robb W.D. 1975 Advances in Atomic
and Molecular Physics, Vol. 11, ed. D.R. Batesinclude Breit-Pauli terms and to transform to an and B. Bederson (New York: Academic) pp. 143-214.

intermediate coupling representation.' The method 2. Berrington K.A., Burke P.G., 1e Dburnpuf M.,
Robb W.D., Taylor K.T. and Vo Ky Lan 1978 Cemput

has been applied recently to a number of heavy atoms Phys Camnun 14 367-412.

such as Cs, Tl and Hg.' 1Howver a nore satisfactory 3. Scott N.S. an Taylor K.T. 1982 Canput Phys . -

approach for heavy atoms would use the Dirac Commun 25 347-87.
4. Bartschat K. and Scott N.S. 1984 J Phys B: At

Hamiltonian in the inner region, and this is the Mol Phys 17 3787-95.
method we have employed. 5. Norrington P.H. and Grant I.P. 1981 J Phys B:

At Mol Phys 14 L261-7.
preliminary Dira R-matrix calculation for 6. Scott N.S. and Burke P.G. 1980 J Phys B: At Mol _n-

Aays 13 4299-314.

electron scattering by Ne
+ 

has been reported
5 

and has

shown good agreement with the corresponding Breit-

Pauli R-matrix calculation. Here we report on a more

complicated case which provides a further comparison

with an earlier Breit-Pauli calculation.'

We have considered two representations of the

target atan: a 5-state case (ls'2s
2

, ls22s2p) and a

10-state case (ls
2

2s
8 2

, ls'2s2p, ls
2

2p
2

). Cross-

sections for the excitation from ls22s2 "S to

ls
2

2s2p 3P[ have been obtained. For the 5-state

calculation, the incident electron energy lies in the F ..

range from 7 to 25 Ryd and, for the 10-state
calculation, it is in the range 13.1 to 25 Ryd. At

these energies al channels are open. The transition

is spin-forbidden in L-S coupling, but relativistic

mixing of the final state with is 2 
2s2p 

1
P' enhances

the cross-section by a factor of two. Our Dirac

results for the 5- and 10-state cases agree well with

".•." 0°" . o..

. ... . . . . . . . . . . . . . . . .
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SCHRODINGER-LIKE EQUATION FOR RELATIVISTIC PARTICLES

I. B. Goldberg

Racah Institute of Physics, Hebrew University, Jerusalem 91904 ISRAEL

and
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

We present here a method for obtaining a solution and u satisfies the modified Coulomb equation

of the Dirac equation in a spherically symmetric poten-

tial, by solving a modified Coulomb equation. In sub- d
2
u [ p2 + 2w(r) - YUM.fI.1iu=0 (5

r r j- 0 5
sequent papers we show how this method can be utilized.

We write the Dirac equation in the form
Equation (5) has the following properties:

dg +_ aZo 0 (i) In the nonrelativistic limit it reduces to the

dr r + + r s(r) f Schrodinger equation with screening function s(r). We
(1) choose the sign of y such that y = -k in this limit, and

df k f l- Z

r r f + r - s(r) 1 the angular momentum of the Schrodinger equation is

£=k (k > 0) or Z = -k-I (k < 0).B

where the various quantities have their usual meaning, (ii) As the origin is approached, y(r)
and s(r) is a smooth, monotonically decreasing, screening - sign(k) * AkT-a7 . This assures the correct

0
function such that s(O) = 1 and in the tail region behavior of u (and consequently the behavior of g and f)

r 1 rt. s(r) = zt /Z. near the origin.

We write the solution of the Dirac equation (1) in (iii) In the asymptotic region, when r tends to

the form infinity, the solution u of the modified Coulomb equation

(5) tends to the solution uc of the Coulomb equation (3).

g = cos u + sin •v (2) with y = yt and Z = Z . The solution of the Dirac

f = Q(-sin • u + cos v) equation is given by eq. (2) with C = Et - arctan
[ (aZ tQ)/(k-Y t ) M. -- ,..-

where v = ru' " Pu 
P  

-1 and Helpful discussions with Prof. R. H. Pratt and Dr.

1 (E-l)/(E:+l)1
2 . 

For continuum states P is the J. Stein are gratefully acknowledged.

momentum of the particle and Q is the ratio between the

amplitude of the small component f and the large compon-

ent g in the asymptotic region. For bound states P and

Q are imaginary but g and f defined in eq. (2) remain

real.

In the case of point Coulomb potential, where s(r) =

1, g and f defined by eq. (2) solve the Dirac equation

(1) if y = t ±, tan - Q - aZoQ/(k-y) and
00

u satisfies the Coulomb equation

d
2
. 2aZ r u=0 (3)._..+ (p2 + l-- -"- , 0 (3

When the potential is screened, we still have a

solution in the form (2), if the following relations

hold:

do TI
r ZoS(r) (

0
2 + 1) - 2k8 (4a)

dr 0

tan &(r) - Q • 0(r) (4b)

y(r) -k(Q292-l) + aZos(1-Q2),8j/(O292+l )  (4c)

w(r) + o +  (k-y.o < (d).-..'.v

2-...-..x .
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SINGLE CHANiNEL RELATIVISTIC QUANTUM DEFECT RELATION

I. B. Goldberg

The Racah Institute of Physics, Hebrew University, Jerusalem 91904, ISRAEL .'.

and
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

In a preceeding work (referred to hereafter as I) uc = cos 6,y I + sin Y 2  rsin(wy+6) (4)

we have defined the modified Coulomb equation (1.5), the

solutions of which are used to obtain the solution of Thus 6 is the phase shift caused by the non-Coulomb

the Dirac equation (1.1). The resemblence of eq. (1.5) potential in equation (1.5).

to the Schrodinger equation suggests that the quantum (ii) Below threshold (c < 1). Here we write

defect relation for the Dirac equation can be derived

in a way which is analogous to the nonrelativistic case. c 1cos i'yl + sin p'y 2 . (5)

the tail region (r > r ) the solution of (1.5)

can be written as When u corresponds to a bound state, its exponentially

growing component should vanish. Let cnk be the energy

u = cos(It1),Uc + sin(Iti).Vc of the bound state, then
Io( - uc t i( vc

(1)

v =-sin(t-).uc + COsWt-).vc  Y-(n,k) -(en, = Iki - n = integer. (6)
t c t cnk nk

where u is a solution of the Coulomb equation (1.3), Therefore i(en,k) is the quantum defect caused by the
w c s /rou h o [ utn (1.) non-Coulomb part of the potential.

vc = [u.' - (yt/r)Uc] and Et =arctan[(aLZtQ)/(k-yt)]" By _

t II Since the functionsu yan
eqs. (I.4a and 1.4b) &(r)= in the tail region for c , y, and Y2 are analytic

-2Y functions near the threshold, we can continue analytical-
k < 0, and (-& t r_ for k < 0. Therefore, the %

asymptotic behavior of u and v is given by the asymptotic ly the quantum defect function s(r. to values abose
bhreshold, and we get the relation

behavior of uc and vc .

One can find a pair of independent solutions of the -- cs"r" i-sn2y
2
'

Coulomb equation (1.3), regular and irregular at the cot 6 = (I -- c,s 2rye
- 2 

T) cot n - sin 27ye
- 2

7 (7)

origin, with the following asymptotic behavior: " ,. .,

(i) Above threshold (r > i) and at the threshold we have . -

(y] n'e/2 Ssi E = 1) = ru(r ) 8
si w) (2) 

.. ,.,. -

rY2 Ir(-+iq) Cos j ( Let g, and g2  be the Dirac functions in the point .I .A..

Coulomb potential, corresponding to the substitution of
where n aZc//77i--i and

y anI y2 in (1.2). Let g be the solution of the Dirac

equation (I.1) corresponding to the solution u of the
= pr + n2pr + (-2 - argr(+in) modified Coulomb equation (1.5). Then, by (1.2) and (1),

6 and P are the phase shift and the quantum defect of the
(ii) Below threshold (c < 1) Dirac function g caused by the non-Coulomb potential in

the Dirac equation (1.1). Equation (7) gives, therefore,

(YlJ r -o r(l-y+v) (I X/
s

vi
n 

T(y-\) (3) the single channel relativistic quantum defect relation.

S I-cos (y-) Helpful discussions with Prof. R. H. Pratt are
+ exponentially decreasing terms gratefully acknowledged.

where x -i aZ.(r/X) and v = aZc//l-
T 

. These two -"

functions, Yl and Y2 , are analytic functions of the References 7 - r-
energy near threshold. 1. I. B. Goldberg, "Schrodinger-l.ike Equation for ..

Let u be a regular solution of (1.5), and let uc be Relativistic Particles", ICPEAC XIV (1985).

the corresponding Coulomb function according to eq. (1). 2. W. R. John.o. and K. I. Cheng, I 'hys. B 12, 863 . .

Then uc can be expressed as a linear combination of y (1979).

and Y2 
( Y  

d
;

.

(i) Above threshold (c 1). Here we write

....................................... .... ............... ......... .. . ........ ___:.._.

. .. ... ... • ......................... . ._ j _ q . _ .
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RELATIVISTIC WKB APPROXIMATION TO PHASE-SHIFTS AND CONTINUUM NORMALIZATIONS

I. B. Goldberg, J. Stein, Akiva Ron and R. H. Pratt F.'."

Racah Institute of Physics, Hebrew University, Jerusalem 91904 ISRAEL

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

The generalized WKB method, for which Coulomb

functions are used as comparison functions,
1 

was employed

for getting approximate solutions to the modified Coulomb
2 Sn 50HSL .

equation for the relativistic case. By using the exact

relation (eq. 2 of ref. 2) between the modified Coulomb 
4

functions and the Dirac functions, we obtained approx-

imate phase shifts and continuum normalizations of

relativistic particles in a spherically symmetric poten- 3 k=4

tial. The calculations have been done for a wide range 2 a.

of energies (1 eV - 1 MeV), angular momenta (Ik[ = 1, 2,

10) and aromic numbers (2 = 6, 50, 92). The poren- a. 2
tials used in the calculations were the DHFS of Liberman

3  k6
and the APT potential of Pratt.

4

Exact phase shifts and continuum normalizations of - O2

the Dirac functions were 
obtained by solving numerically

the Dirac equation in the same potential. The comparison

between the exact and approximate results shows that the 0

higher the energy or the angular momentum are, the higher - o 2 3
is the accuracy of the approximation. This feature is

common to the three elements studied. 
Log E(keV)

We present here the results for tin (Z = 50), cal- Fig. 1. Relative normalization error for tin.

culated in the DHFS potential with Coulombic tail of

charge Z = 1. Figure I shows the relative error of

the continuum normalizations [N(WKB)/N(exact) - 1] as a

function of the energy for various angular momenta. O.1

Figure 2 shows the phase shift error [6(WKB) - 6(exact)] Sn 50 HSL
for the same energies and angular momenta.

Two special cases are worth mentioning. (i) For

k = -1 (a wave) the modified Coulomb equation has no k= -

classical turning point and the generalized WKB method

has been slightly modified in order to be applied for U)

this case. (ii) When the modified Coulomb equation has 
.

more than one classical turning point, the generalized

WKB method cannot be applied. This case may be connected

with the occurance of a shape resonance.

References

1. J. Stein, A. Ron, I. B. Goldberg and R. H. Pratt,

"Generalized Nonrelativistic WKB Approximation...,"

ICPEAC XIV (1985).
2. 1. B. Goldberg, "Schrodinger-Like Equation for

Relativistic Particles", ICPEAC XIV (1985).

3. D. Liberman, J. T. Waber and D. T. Cromer, Phys. Rev. Log E ( keV )
137, A27 (1965).~~~~Fig. 2. Phase-shift error for tin. ""'- J

4. J. McEnnan, L. Kissel and R. H. Pratt, Phys. Rev. A F. .

13, 532 (1976). 
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GENERALIZED NONRELATIVISTIC WKB APPROXIMATION WITH COULOMB COMPARISON FUNCTIONS P ,zt

J. Stein, Akiva Ron, I. B. Goldberg and R. H. Pratt+ *

*Racah Institute of Physics, Hebrew University, Jerusalem 91904 ISRAEL '\ ...
S+Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

We have derived expressions for the normalizations energies and . j 0 the standard results are somewhat .- ,'

and phase shifts of continuum wave functions in screened better than ours. The same is also true for carbon and

Coulomb potentials within the generalized WKB formalism. iron. We have used throughout H = n and other choices

*.- The Schrodinger equation for the exact solution, Y(p), of H can further improve the results. Our results are .-

and the equation for the comparison function, U(R), are also better than the APT ones when energies are high and

£ values big, and the APT results are better for small l -

"- d
2
y Ln_!1) d

2
y values of I although the discrepancy is not too large.dp

2
+ 1 - p Y = dp+ (p) Y 0,

d2U UReferences

d
2  H X =+ d

2
U + 

2
(R)U -0,

dRT + i - I- R U " R 
+ 
K2 1. S. C. Miller, Jr. and R. H. Good, Jr., Phys. Rev. 91

wher s~) isthescrenin fuctin, n!(-~e2 /ft 2 ~t~ 2. (1953).q
where s(p) is the screening function, n-i[(-m e)/fj2]'/ 2. R. H. Barlett, M. H. Rice and R. H. Good, Jr., Annals
Tw.E and H is a parameter. Now the generalized WKB of Phys. 2, 372 (1957).

approximation y(P) to Y(P) is 3. R. E. Langer, Phys. Rev. 51, 669 (1937). -e,

4. J. McEnnan, L. Kissel and R. H. Pratt, Phys. Rev. 13, -

" y(P) = A(p) U[R(p)] 532 (1976). . . .- 7

where Al I3HS

ddR k(p) (KR(p,)' 2 20

do K(R) a k(p)and-
C - . . -bO•

The formalism of Barlett, Rice and Good
2 

is a V -. " " -

special case of our formalism in the limit H * namely, 0 to -

for low energies. Then one practically uses Bessel ---

comparison functions (their J approximation) instead .=22+- 
- - - -,--.-

of Coulomb comparison functions. 4 *0

We have calculated data for three elements: carbon, O

aluminum and iron for energies ranging from 0.1 keV up - I 2

to 100 keV and 2 = 0, 2 and 10. We used the Herman- Log E (keV)

Skillman potentials with Latter's tail. Apart from Fig. 1. Relative errors in the normalizations of aluminum
continuum wave functions for our (solid lines) and the

comparing our results with exact numerical values which standard (dashed lines) WKB approximations.
we computed, we also compared them with normalizations

and phase shifts calculated within the framework of 0.4 ,

different approaches to the problem: a) The standard Al 13HS

- WKB approximation with Langer's
3  
correction. b) The C 0.3 . . . . . .

Analytic Perturbation Theory (APT) approach.
4  

Langer's x

correction consists of the substitution 1(1+1) 2(+ ) c 0.2 1=0O

which improves the results dramatically, except for V.

t - 0. We present results for aluminum. Figure 1 shows c 0.1 -
1=2

the relative errors in the normalizations and Fig. 2 P="10

shows the difference of the phase shifts from exact 0--

numerical results for both approximations: our (solid / F"1"0

lines) and the standard (dashed lines). All quantities -0.1 I

are shown as function of energy (drawn on a logarithmic Log E keV)
scale) for Z - 0, 2, and 10.

O lf t rFig. 2. Phase shift differences of aluminum continuum
One sees clearly that for t. - 0 the standard reults wave functions for our (solid lines) and the standard

are much worse than our WB ones. Our results are also (dashed lines) WKB approximations. '

better for high energies and low 2 values. Only for low

.." -.. . . . ...... .

......................................... .. ....... **,**~~
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NEW METHOD FOR THE INTERPOLATION OF DIPOLE ~b'.
OSCILLATOR-STRENGTH SUM RULES

James M. Peek

Sandia National Laboratories, Albuquerque, New Mexico 87185 USA

*, There are several sum rules for complete relative error magnitudes being 0.35% and 1.7%. ''F -

sums of the dipole oscillator strength weighted These errors are 0.7% and 2.0% for the

by the k-th power of the excitation energy, straggling mean-excitation energy.

S(k), that require only the occupied orbitals 14 r

for evaluation. It is also well known that the

interpolation of these data, available for 1

certain integer k, with respect to k provides

12
a number of useful scattering parameters,

including the stopping and straggling mean-

excitation energy and the Lamb-shift energy. *A. ..

. A number of interpolation or other indirect 10

calculative techniques have been motivated by *-.. " '

the difficulties encountered in their direct -

evaluation. An entirely new interpolation
method is reported here. 0

0 s 1Q 1s 20 240
One of the more accurate interpolation Z

methods that uses only conveniently calculated FIGURE 1. The stopping mean-excitation energy
1(0) divided by the target's atomic number Z is

S(k) data relies upon a quadratic spline fit shown as a function of Z. The solid curve

to an auxiliary function of S(k) 
1
. It has been represents the "exact" results from Ref. 2, the

short-dash curve gives the Ref. 1 data, and the
"" possible to improve upon these results for the long-dash curve presents the present results.

case of atoms by using hydrogen values for The Ref. I method requires only occupied III -

S(k) and their convenient effective-nuclear-
orbitals to evaluate the interpolation method,

" charge scaling properties. A suitable restruc- while the present technique requires slightly

turing of the hydrogenic S(k) formulas and a
more structure information. Either method is .- '.

relationship between the target atom's S(k) are
considerably easier to use than the direct

required. This defines the effective nuclear calculation of these sums and their accuracy,

charge as a function of k, Z(k). The Z(k)- especially in the case of this new method, is
curve is expected to be a rather smooth function, sfietoma ap ctn. Frxplsufficient for many applications. For example, . .

decreasing toward the target's ionic charge data from a study of the effects due to several

' plus one as k decreases and increasing to a
different target wave functions on mean-excita-

value approaching the nuclear charge as k
tion energies were generated with great ease.

becomes large. This proves to be true and the These data will be presented.

interpolation of Z(k) can be done with reason-

able accuracy and simplicity. References

The preceding method implies an S(k) curve 1. J. M. Peek, L. C. Pitchford, and E. J.

for all k within the interpolation range, Shipsey, Phys. Rev. A 29, 1096 (1984).

-1 k S 2, for the target atom. The deriv- 2. M. Inokuti, J. L. Dehmer, T. Baer, and

atives of this curve at k = 0(1) provide an J. D. Hanson, Phys. Rev. A 23, 95 (1981).

*- approximation to the stopping (straggling)

mean-excitation energies. Data for the stopping

mean-excitation energies are shown in Fig. 1

. for the series of atoms studied in Ref. 2.

*" The Ref. 2 data should be considered exact in

the context of this comparison. It can be 7wr

seen that the present results are more accurate

than are the Ref. 1 data, with the average of

i:. !::: :!)::.......................................................................................................--............-..i~
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CLASSICAL CALCULATION OF ELECTRON-ATOM BREMSSTRAHLUNG

Longhuan Kim and R. H. Pratt

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

Bremsstrahlung is one of the basic atomic processes, with the earlier numerical quantum mechanical calculations

Many theories of the bremsstrahlung process have been show that for low incident electron energy the classical

developed and various calculations of bremsstrahlung method is also generally good for screened potentials.

radiation cross sections have been performed. Analytic As an example, in Table I we show our results for Z = 13

formulas for the cross sections of electron-atom brems- and T = I keV.

strahlung are available for both classical and quantum

mechanical (either nonrelativistic or relativistic) Table I: Numerical Classical Bremsstrahlung Cross Sections

approaches. Each has its own approximations, limitations do 1 (2 k/Z
2
)do/dK (mb), Z 13 Tl=1 keV

and regions of applicability. A comprehensive study of k/T 1  0.1 0.4 0.6 0.8 1.0

the applicability of these analytical methods was car- EC 9.98 7.35 6.77 6.40 6.16

ried out by Pratt and co-workers, comparing the results CC 10.15 7.90 7.44 7.16 6.94
from these simple analytical formulas with the results ES 3.77 3.99 4.06 4.13 4.17
fo thseipl aalytivecalfomulaos.wt

2  
CS 3.82 4.23 4.46 4.65 4.79

of numerical partial wave calculations. R 1.01 1.01 1.00 0.99 0.98

It is believed that a classical method is good for
It s blivedtha aclasicl ethd i god or EC: Exact quantum mechanical Coulombi result; CC: numeri-

low incident electron energies. The characteristic cal classical Coulomb result; ES: Exact quantum mechan-
ical screened result; CS: Numerical classical screened

quantity result; R = (CC/CS)/(EC/ES).

n v 1(l-k/T 1), '3 =za/B,, 8, /2 =_ _l - ± In analytic approaches the atomic form factor is

often used to predict cross sections for screened poten-
may be used to specify the range of validity of the
classical method in electron and photon energy. For tials. However the form factor method is good only for

classicaly metho incto electron and photon energy.s For
n > 0.7, classical results for the Coulomb potential relatively high electron energies and light elements. For

case agree with accurate numerical partial wave results 3xmlfrZ=7r kV h letBr om
of quantum mechanics in the same potential within 5%2

'
3 factor method gives 30%-100% error.

3 
Our present numeri-

Analytic formulas for the classical bremastrahlung cal classical results give far less error (4% at the soft

cross section are available only for the Coulomb poten- photon endpoint and about 10% in the hard photon region).

tial. For screened potentials a numerical method is For relatively low electron energy our classical approach

necessary. Recently we have developed a computer code gives better results than the form-factor method. It

to calculate the classical bremastrahlung doubly differ- also takes much less computer time than a full numerical

entlal cross sections for both the Coulomb potential partial wave quantum mechanical calculation.

and screened potentials. The code calculates numerically With increasing electron energy the discrepancy

the trajectory of an Incident electron in a central between classical results and partial wave results in-

these traecor of ane inoident electron ind ace central
potential according to classical dynamics, then calculates creases both in the Coulomb potential and screened poten- ...-

the dipole radiation emitted on that trajectory, and tial cases. However we find that the ratio between Cou

integrates over all the trajectories in the incident beam lomb results and screened results, predicted classically,

of electrons. It is assumed that electron energy loss remains close to that of the full quantum mechanical

due to the radiation is negligible and does not affect calculation. This indicates that the screening factor ".

the orbit. Retardation effects are also neglected. (defined as the ratio of screened to Coulomb result) found

One test of the numerical accuracy of the code is classically can be used together with quantum Coulomb

results to obtain useful predictions. While the atomicIFobtained by examining the numerical results for the .

form factor method is good for sufficiently high energies, - '
Coulomb potential case, for which analytic results are
available. For 2 • Z a 92 and 10 eV < T 1 • 500 keV the it does require calculation of triply differential cross

sect ions. "'''' .- -
numerical error is generally less than 1% except when..-..-.-.

Z - 2 and T - 500 keY. References
1 1. H. K. Tseng and R. H. Pratt, Phys. Rev. A 3, 100 (1971).

4e have calculated the bremastrahlung spectra and 2. R. H. Pratt, in "Fundamental Processes in Energetic - - -

angular distributions of radiation from neutral He, Al, Atomic Collisions", edited by H. 0. Lutz, J. S. Briggs,

Ag, Au atoms described as Dirac-Slater potentials, for and H. Kleinpoppen, Plenum Press, NY, 1983, pp. 148-182
3. 1. J. Feng, Ph.D. Dissertation, University of Pittsburgh,

incident electron energies 10 eV - 500 keV. Comparison 1982, unpublished.
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DOUBLE ATOMIC-FIELD BREMSSTRAHLUNC

J. C. Altman and Carroll Quarles

Physics Department, Texas Christian University
Fort Worth, Texas 76129 USA

Double atomic-field bremsstrahlung is the sim- 2. Kissel, Lynn, C. A. Quarles, and R. H. Pratt, Atomic- '* F 
'

ultaneous radiation of two photons by an electron in Data and Nuclear Data Tables 28, 381 (1983).

the Coulomb field of an atom. The process is fourth 3. Altman, J. C. and C. A. Quarles, Phys. Rev. A

order in QED and has been computed in the first Born (to be published).

approximation by Smirnov. In a coincidence experi- - %%*

ment, we have observed two photons radiated at 90 and . 4
270 degrees with respect to a 75 keV electron beam

incident on thin film targets of Ag, Tb, Au or U. One U * k70keV

photon energy (k ) was fixed at 20 keV in a Si(Li) 0 U."'k,-"-0° 8V

detector, and the second photon energy (k 2 ) was varied

from 10 to 50 keV in an HpGe detector. The energy I r ' L

window was + 5 keV. A modification of the conventional to 2

fast-slow coincidence technique was used. >

We interpret the observed coincidences as due to

double atomic-field bremsstrahlung and determine the _ 10"

absolute cross section by normalization to the single

bremsstrahlung spectrum observed in each detector using

the tabulated theoretical cross sections. The results 100

for Au and U are shown in Fig. 1. The curves shown

are our evaluation of Smirnov's formula. The data dis- Au

agrees with the theory in both magnitude and photon energy

dependence. In Fig. 2, the cross section divided by the

square of the atomic number is plotted versus Z for the ____E42

case of k =20 keV and k =40 keV. The data agrees with

aZ2 12= 10-2 _ _ _ _ _ _ _ _ _ _ _ _

aZ dependence but, within the errors, is also con-

3 0 10 20 30 40 50
sistent with Z or a more complex Z dependence. .--

A variety of other processes which could lead to k, PHOTON ENERGY (keV)

two-photon coincidences have been estimated to make a FIGURE I Cross section in pb/keV
2 
sr

2 
for Au and U

small contribution to the observed rate. When the versus k2. The errors on the U data are comparable
to those shown for Au.

photon energy window includes a target x-ray, it is

possible to have simultaneous inner-shell ionization - .

and bremsstrahlung radiation. We find some preliminary

evidence for this effect as an enhancement in the co- - .

incidence rate for Au over that for U for kY=20 and 7T-5 keV

210 keV. We hope to have additional data on this 0.03 k. 20keV

radiative inner-shell ionization process by meeting k,40keV

time. 0
S0.02.

The results reported here have been submitted

fo r p u b l ic a t i o n .
3  - - - -

This research is supported by The Robert A. O.O'

Welch Foundation.

References 0.0'
I . Smirnov, A. I., Sov. J. Rucl. Phys. 25 (5). 548 4b 4 4 64 A' iO 88 96 r='?' . ." .:. .. p

ATOMIC NUMBER- 'p
(1977).

FIGURE 2 Cross section divided by Z
2 

versus Z for

kl-20 keY and k2 =40 keY.
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MOLECULAR BREMSSTRAHLUNG

Lee Estep and Carroll Quarles

Department of Physics, Texas Christian University
Fort Worth, Texas 76129 USA

The bremsstrahlung radiation spectrum has been

observed at 90 degrees for electrons of 10 and 15

key on a variety of molecular gas targets. The appar-.
-1 "atus has been described previously. The targets were SF.

selected to investigate first, the additivity of the
bremsstrahlung cross section; and second, molecular- s ,.:.,

field effects related to different geometry or differ- 'b d. _-

ent atomic bond lengths. Additivity refers to com- PW i

puling the molecular cross section by adding the atomic- '.-W o -ra C7'.- 0

field cross sections for the constituent atoms, and it Hs.

is expected to be valid for electron bombarding energy

as high as 10 keV. in the first category, we have s -i=- ,-

studied sulfur bearing molecules of H S ,SO and SF 9 0 . . -
2' 2' 6'

Typical results are shown in Fig. 1 for 10 keV incident PV141 .F l , I('Vt .'.PC.".'.,

electrons. The solid lines are the result of adding FIGURE 1 Plot of kdo/dgdk in mb/sr for 10 keV
the atomic cross sections.

2 
The data are scaled to electrons on sulfur hexafluoride, sulfur dioxide

the theory in a one-parameter fit over the region of and hydrogen sulfide versus radiated photon energy.

5 keV to the endpoint. As can be seen, the region

below about 5 keV is increasingly affected by atten-

uation in the vacuum chamber and detector window,

and has not been included in the fit. The agreement

is good for all three gases and for both 10 and 15

keV electrons.

The second category is represented by the ethane

series: C H C H and C H Results are shown for
2 2' 2 4' 2 6 4-.. C H~

15 keV in Fig. 2. In this case the fit to theory is

not as good as that observed for the sulfur gases. •

There are several possible reasons for this: (1) c--

The hypothesis of additivity may not be correct for '?11

these gases. (2) The atomic cross sections for

carbon or hydrogen may be inaccurate. (3) There

may be some contribution from electron-electron 2"-

bremsstrahlung which enhances the cross section 0.1- T I I 'f- F- - -----

below the electron-electron endpoint of 7.3 keV. e

In addition, we will present data comparing

normal with isobutane, nitrogen with neon, and FIGURE 2 Plot of kdo/dfldk in mb/sr for 15 kcV

molecular hydrogen with helium, electrons on ethyne, CH 2 , ethene, C2 H4 and

This research is supported by The Robert A. ethane, C2H 6 versus radiated photon energy.

Welch Foundation.
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ITHE FESHBACH PROJECT OPERATOR METHOD: A STUDY OF THE He-[ls(2s2 ):2S] RESONANCE - '

A. Berk*, A. K. Bhatia, B. R. Junker+, A. Temkin

Atomic Physics Office
Laboratory for Astronomy and Solar Physics

NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771 USA

* Permanent address: Sachs/Freeman Associates, Inc., Bowie, MD 20715
+ Permanent address: Office of Naval Research, Arlington, VA 22211 ,.J-. .

An explicit form of the Feshbach projection The width of the He- resonance is also being . :*

operators [P and Q (=l-P)] for the many-electron calculated, using the exchange approximation for

target has been derived. We have now calculated the non-resonant continuum,

QHQ energies for the He'[is(2s
2
):

2
S]"

resonance. In Table I, resonance energies obtained PNWo = y Uo(ri) ,r(i))

from 40 term configuration interaction

wavefunctions using both the Feshbach and Here A is the antisymmetrizer and u0 is the

quasi-projection operator methods
2 

are listed, exchange approximate scattering function coming from

< 4 0o(H-E)PPo >= 0 for the channel wave

Table I: Pro) ection operator and quasi-projector function 4#o associated with each target
I

energies (S,6o) in eV for the lowest e-He resonance approximation.
I  

Equations and solutions for the

He[Ils(2s
2
):

2
S1 targets listed in Table I are being developed. It

fARGET QUASI- ttSHBACS should be noted that the usual expression for the

TAGE EEG RJCOa PROJECTOR width matrix element <wQ( H-E IP1>reduces
-- o &-E -o to <4 H-E P >. Thus that calculation does

" closed 77.487 19.360 19.582 18.067 not require any additional projectors other than

- open 78.249 19.378 19.655 18.902 what is used in the QH- calculation for 4). This

should make the width calculation quite

CT 78.780 19.377 19.603 19.381, straightforward, and we expect to present results

Complex rotation (ref. 3); 19.387 at the meeting.
- Experiment (ref. 4): 19.367±0.009

a. Ref. 2 with additional optimization. References

E0 = exact target energy = -79.0016 eV.
I. A. Temkin and A. K. Bhatia, Phys. Rev. A 31

The Feshbach projector energy is seen to be (to be published).

higher than the respective quasi-projector energy 2. A. Temkin, A. K. Bhatia, and 3. N. Bardsley,

[Also, importantly, this difference does not vanish Phys. Rev. A 5, 1663 (1972).

r.. as the target approaches a closed shell.] 3. B. R. Junker and C. L. Huiang, Phys. Rev. A 18,
313 (1978). " ' "' "

Furthermore, , -Eo increases monotonically to a 313 (1978).
04. S. Cvejanvic, J. Caner, and F. Read, J. Phys.-..-'-'

value close to experiment. Table I suggests that .vi C ad .

if one can use a set of improving ground states, it B 7, 468 (1974).

is preferable to deduce the resonant energy by

subtracting Eo, whereas if one is confined to a

comparatively simple target function, then

subtraction of the exact Eo is preferable 
1 .

For the present 2-electron target the former is " " "

clearly the case, to the extent that calculations

of the energy shift, A , will also be undertaken.

* . . S . -~~~~ ... .. ... .. .. ... .. .. ... .. ..
....... ..... .. ... ........ .......

,. .. .. . o .:i - -- -s' ;-. >Jki:. .S?:Ki.. ..
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S 1UABIRSUM S OF TH ELASTIC AND INELASTIC (n-2,3) DIFI7ERTIAL 4'
cw8s secflous or A'IUUc HNDaGDm KIWIr Remta1Iou Ei=Tr~m IIWAcr

C.D. Warner, G.C. Xing, P. Hand and J. Slevin,

Physics Department, Schuster Laboratory, Nanchester University, U.K.
"Physics Department, University of Stirling, U.K.

Atomic hydrogen is of great interest to both

theoretical and experimental physicists. The hydrogen . . .

atom neutral state wave functions have exact algebraic , 9

descriptions, a powerful starting point for determining .

differential cross sections for the scattering of ,

electrons frm atomic hydrogen into various exit

channels. Theoretical treatments
1 . 2 

have predicted large

numbers of temporary negative ion states of hydrogen, j 2.0 700.

only some of which have been seen experimentally
3 , 4

. -

Experimentally, atomic hydrogen has proved to be a 7

challenging species to study because of the difficulty of

dissociating naturally occuring molecules while

inhibiting their recombination back into molecules. A I 5.0% 54'

sophisticated source
5 

has been employed using an R

discharge to dissociate hydrogen molecules. This source

has been combined with a high sensitivity, high energy .

resolution electron spectrometer to study excitation.

functions of the elastic (n-1) and inelastic (n-2, 3) ,20. C 33'

channels of atomic hydrogen.-- f.

High energy resolution of typically 25 meV has been
9.2 9.6 10.0 10.4

achieved and the considerable Iprovemnt in sensitivity INCIDENT ENE GY lEV.

over earlier work has enabled much new resonance

structure to be observed. The elastic (n-l) channel

excitation functions (see Figure 1) show negative ion fi_ el 1 Elastic differential cross section in atomic -.- -

resonances with the following symtrieer 
1

S, 3P and 
1

D. hydroen for angles 3
e
, 54, 70* and 90*. The bars . *. -. -.

indicate the relative size of the observed features with .'.
The lD resonance structure in the elastic channel has not respect to the background.

been reported in the literature though illiams
3 

gives

elastic excitation functions showing the IS and 
3
p

resonances. Inelastic differential cross section

measurements have been carried out and results from these

studies will be presented. These measurements are also of

much higher sensitivity than earlier work
4 

and show an

abundance of resonance structure between the threshold of Z4-

the "-2 state and the ionization energy. Possible

interpretations of the resonance structure will be

suggested and comparisons will be drawn between the

current data and existing theoretical predictions.
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RESONANCE WIDTHS OF THE LITHIUM-LIKE IONS*

Brian F. Davis and Kwong T. Chung. .

tOepartment of Chemical and Physical Sciences, University of North Carolina at Wilmington, Wilmington, NC 28403-3297

>Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202 USA ' "

In the past, the accurate measurement of the the width of Bell (ls2p2p)2 , 1.0129 x lO-3 a.u., con-

autoionizing width of a three-electron ion has been verges to all five digits but for Bell [(ls2s)',3d]2D ,  .... 6

limited to the He system for which an electron trans- there is only one-digit convergence with a width of

mission scattering experiment was adopted.1 Very re- 0.3 x lO-5 a.u.

cently, an optical emission spectroscopy technique has When the calculated results are compared with
been developed to measure the Els(2s2p)3p12P° and those of the optical emission measurements , we find

(ls2p2p)2D resonances in Lil 2 and Bell 3. The widths of that the agreement is very good for Bell and for the - .-

these states have been obtained by analyzing the broad- (ls2p2p)20 and E(ls2s) 3S,3d]20 resonances of LiI. How-

ened line profiles resulting from the optical transi- ever, for the [ls(2s2p)3p] 2P0 of Li, our calculated re- " "

tions (ls2p2p) 2P - Els(2s2p)3p]2P0 and [(ls2p) 3P3d] 2D°0 sult, 3.71 meV is larger than the experimental result

(ls2p2p)2D which are seen in beam-foil light sources. of 2.6±0.13 meV by about 40%. Due to this substantial -.
These radiative transitions are observed because the difference between the theory and experiment, a de-

upper state, although core-excited, is metastable tailed study was made of the convergence of this width

against autoionization in the LS coupling scheme due to with respect to the closed channel, ooen channel target

conservation of parity. These lines are broadened due state, and outgoing electron wave function to assess

to the fact that the lower state primarily decays by the stability and the reliability of the theoretical

autoionization. The total width of these lines is the result. It appears that our result is stable within the

sum of the radiative and autoionization widths of the framework of the saddle-point complex-rotation method.

upper and lower states. In the energy region of in- It is interesting to note that in the oresent

terest, the relativistic spin-induced autoionization calculation, no orthogonality condition has been ex-

rates of the upper states are very small. The radia- plicitly imposed in constructing the open and closed-

tive width is also much smaller than the Auger width channel segments of the wave function. Nevertheless,

for these low Z systems. in the case of this Li Els(2s2p)3P]2P~calculation, we

In this work, we present results for the calculated found that the overlap integral of the open and closed

widths for lithium-like ions. A total of twelve dif- channel is only 0.000007. This small overlap suggests ., .

ferent resonances are considered for Lil, Bell and BIll, that carrying out the saddle-point variation procedure
These results are obtained by using the saddle-point for the closed-channel segment results in a wave
complex-rotation method. The total wave functions are function that is essentially orthogonal to the open

of the configuration interaction type and are given by channel. The detailed results of this calculation will

the sum of a closed-channel segment and an open-channel be presented in the conference.

segment. The vacancy in the resonance is built into

the closed-channel segment using the saddle-point *Support by the National Science Foundation, Grant No. -. .
method4 . The open-channel is given by the product of a PHY 84-5469

two-electron target state and an outgoing electron Reference

wave function. When the complex-rotation is carried 1. See, for example, references quoted in B. F. Davis

out, the coordinates of the closed channel as well as and K. T. Chung, Phys. Rev. A29, 1878 (1984)

the target state wave function are rotated with the 2. S. Mannervik, H. Cederquist, and M. Kislelinski,

hamiltonian. The complex energy eigenvalue is obtained Phys. Scripta T8, 107 (1984)

by searching for the stabilized complex energy expecta- 3. H. Cederquist, N. Kisielinski, S. Mannervik, and

tion value of the hamiltonian with respect to varia- T. Andersen, J. Phys. B17, 1969 (1984) ".7-.

tions of the rotational angle, the non-linear para- 4. K. T. Chung, Phys. Rev. A20, 1743 (1979)
meters in the outgoing wave function and the linear.

parameters in the total wave function. In general, we ,%.I .. -

found that the convergence is excellent for the real ., '

part of the eigenvalue, whereas for the imaginary part

it depends sensitively on its magnitude. For example,

.~, ... .. .

% -
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SCATTERING OF ELECTRONS BY SODIUM AND POTASSIUM ATOMS AT LOW ENERGIES

S.M. Kazakov and O.V. Khristoforov

Physics department, Chuvash State University, Cheboksary 428015, USSR ________.__

We report here on measurements of elastic and

inelastic electron scattering by sodium and potassium %
/

atoms, at energies between l and 5 eV. The energy loss - , *.,...

spectra and the energy dependence of the intensity of { e- 900 ______,___

some lines were studied.

The electron spectrometer with a 1270 electro- 5

static energy analyzer for electrons scattered through /

900 in vapor-filled cell was described earlier The 9

energy spread of the primary electron beam used was 4 7" "

typically 150 meV and the energy resolution of the i V 10
analyzer was 40 meV. The vapor pressure in the cell / 12 - .

did not exceed 10 Torr as determined from the tempe- 'I
rature of a metal-filled container. The electron beam . V86 . .

-7
current In the collision zone was about 10 A. hqI

The energy dependences of the differential cross 16
0 -

sections (DCS) for elastic scattering through 90 and

excitation of resonance n
2
P - levels are shown in A _.

Fig.1 and 2. There is a good agreement with a previous -

experiments 23in the behavior of the elastic scatter-

Ing curves near the first inelastic threshold (peak 1

in Fig.1, 2), and some deviations are attributed to 2 3 4 5 6
INCIDENT ENERGY W V)...""-'" "

the different angular resolutions of the instruments. NC E T ER"V
However, we found a wealth of heretofore unobserved

structures in the DCS which are due to formation and

decay of shortlived Na and K ions and threshold-

effects. The energy position of some structures are "

given in table 1. The energy-determination accuracy is .

estimated at ! 30 meV. 
t'u

Table 1 K
6.900

E(eV) E(eV) E(eV)
Num- Na K Num- Na K Num- Na K
ber ber ber

1 .0 1.61 7 3.47 2.87 13 4.22 36

2 2.35 2.01 8 3.56 2.99 14 4.33 3.79 5
3 2.72 2.18 9 3.72 3.08 15 4.40 3.93 $1 . -
4 2.99 2.37 10 3.87 3.28 16 4.53 - ".,
5 3.15 2.56 11 4.02 3.40 17 4.62 - 2 /
6 3.41 2.74 12 4.17 3.53 18 4.73 -U 9 /.I 14

I \ 13115
Reference 1 1II

1. S.M. Kazakov et al., Sov.Phys. 
JETP 51, 847,(1980). 

8 1 131115

2. M.Eyb, J. Phys. B 9, 101,(1976). 6 1012 - A
3. M.Eyb, H.Hofmann, J. Phys. B 8, 1095(1975). I

FIEGUh 1 an 2 Energ dependence of the DCS:
2I

1,2 - elastic scattering, 3 - excitation of n
2
p -

levels.

/

1 2 3 45

INCIDENT ENERGY (eV)

.. .-. . . . .... . . .

... ... ... ... ... ... ..-.....- .

-°-. ..L.
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RESONANCES IN METASTABLE EXCITATION

N.J. Mason and W.R. Newell

Department of Physics and Astronomy, University College London. Cower Street, London WCIE 68T.

Metastable states in atoms and molecules provide channel while the features Cl to C7 are ultraviolet

a cutivenient natural energy storage system especially emission structures. These were only seen when the * w .4,.4 L

for the transport of energy through plasmas. Renewed detector was sensitized with cesium iodide. The features

interest in such applications of atomic and molecular Cl to C7 can be removed In the time of flight mode. r.. -- *'•'--
systems has placed a fresh demand on the need for V

accurate total metastable cross sectionS.

Cross sections for the excitation of metastable :

states in rare gases and some diatomic molecules (112 , H2

are measured using a monochromated pulsed electron beam

with time of flight analysis of the scattered products.

The experimental arrangement consists of a newly

designed electron gun which produces a beam of IUA at

6eV incident on an electro static hemispherical monochro-

mator. Special attention has been given to the electron

beam extraction system and the influence of the initial q

pupil associated with the hapin cathode on the perfor- .

mance of later stages of the gun. The pupil is subse-

quently focussed to infinity at the monochromator with

the aid of a field lens inserted between the accelerating 1 12. ....1-,

and deccelerating regions of the staged electron gun. W14T BN , , .

By operating the three element field lens with the Figure 1. Resonance structure in H"

centre element belnw the cathnde potential it is"

possible to utilize it also as a filter lens which will

provide some pre-energy selection before the beam enters Resonance structures in the rare gases N2 and H2

the monochromator. The nett effect of this, combined will be presented and compared to current work '.z in

with the zero beam angle in the monochromator, is to this field.

give an enhanced (25%) transmission of the electron

beam through the monochromator with an energy resolution REFERENCES
of 30meV at 2eV input. Since there is a nett momentum I. SA Buckman. P Hauond, G C King and F U Read.

transfer to the atomic beam direction it is necessary J. Phys. B: At. Mol. Phys. 16 (1983) 4219.

to place the detector at an angle which accomodates the 2. S A Elston, S A Lawton and F M J Pichanick

effect of the momentum transfer to the metastable atoms Phys. Rev. 10, 225,(1974J

and also ensure that all of the metastablesare detected.

A IOV, lOOus, negative pulse applied to the filter

lens is sufficient to modulate the electron beam. The

time of flight spectra consist of photons which arrive

as a prompt pulse, followed by scattered electrons which

arrive at the detector within 30ns of the trailing edge

of the primary electron pulse and finally metastables

and Ions which have flight times of .
7
01s depending

on the particular atomic species under study. The

positive ions are removed by the application of a small

positive voltage at the entrance of the detector.

A typical metastable excitation cross section In

H2 Is given In Figure (1). The features labelled Al to

A8 are resonance structures observed in the metastable

• -.- .? .,.
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THEORETICAL STUDY OF PARTIAL WIDTHS AND RESONANCE NORMALIZATION

D. K. Watson, University of Oklahoma, Norman, OK* .

The theoretical determination of partial widths in

multichannel resonance problems is studied using a , .

, variety of methods including the use of the golden-rule

formula with explicitly normalized resonance wavefunc- .-.. .

tions. In addition we determine the residues of the

- open-channel submatrix of the resonant T matrix by direct

differentiation of the T matrix denominator. We compare

these residues to the golden rule partial widths obtained

with different normalizations of the resonance wavefunc-

tions. A new expression for the normalization factor of

resonance wavefunctions is derived. A recently intro-

duced method of determining multichannel resonances

which searches the complex plane for the poles of the T .

matrix is employed to investigate these methods for a

model problem. Essentially exact results are obtained

with small sets of basis functions. Accurate representa-

tions of the normalized resonance wavefunctions are

easily constructed using the appropriate multichannet

-" Green's function which enforces the correct asymptotic

behavior in each channel. We compare our results to the

. "exact results and to the results of other methods.

*Supported by the National Science Foundation Grant

PHY-8403031 and by the Air Force Office of Scientific

Research Grant AFOSR-84-0379.
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TWO-CENTER (:011OMit WAVEFUNCT ION DESCRIPTION OF TWO-ELECTRON ATOMS

James -4. Feavin.* JIohnt S. Briggs.' and Thomas P. Weissert*

*1f.l ifrja State University. Fullerton. CA 92634. USA
+Uiesti Freibprv. 7'800 Freiburg. W. Germany

Ct,t'idecable pro'!res, h;is been made in the analyses, the independent particle designation ntn'

itnde rs tandiing of t he hiuhit ctre1st ed mtio -n ot two is not exact . Al though we find by numerical

ef-i o n int H_ i.n.s ind in dontltlv .-xti fed st Sctt of i nteera ti on of the correlation potentials the position

lite (tel it, ittm. Fo I ltw it1t," 1 t-. tit.....e..ri,' work olt of the lowest members of these series to be high. we do

Macl at t entti ,,, has bet, ft c t i s e d "port thle find the relative position of other members of a series

attitrox istat e seta Ta t itn of tLt I troltI etn itsirte ro hie better. (Also, we find as expected the (ls2 sl3Se

ivt'erxthe j, 'tlI totttl i' Ies. nti e\.imp les "of h ,i s groundi state oit 2pau to lie below the first excited

aoortatch ibotontd in the liter-dte. Ito the extent that (I I s le state of Isotg.) Thus. the method appears to

Kthe inter-electrtun axis is "still" when tite two represent correlation energies best, and one expects

,lectcttns are hitthlv vorrelated. one cant imnagine thtat Improvement itt describing doubly excited states.

tite relative, electron v'ertor R lonte of tite Jacobi A difficulty with the two-center description i
toorti inates) w ie a4 useful cooidnt to flicie occurs in the sprtdaolit. thsially, the

Suich motion. Indeed, it Itas heen shownttt[h-it some system wavefunction .r large R must describe one

-aspect s of threshold laws fttr three-body break-ttp are electron at rest relative to an atomic (electron-ion)

better dierived using Jacobi coortlinates. - There is the center of mass. The two-center functions for large R

further advantagte that the adiabatic prtblem whtere R is describe. howe er. a long, rigid rod of mass 012.3 - 2

iteld fixed c-an bI solved exact ly. The solutitons are with one end hound to the inn. Thus, the correlation

i ust those of the two-center Courlomb prohlem. initially potentials are too low at large R by a factor two. It

derived to describe states of the H?+ molecular ion. has been shown
4
, however, that this difficulty can be

* At the same time. otto wouldi like to develop a resolved by scaling the mass 012.3 and including the .

mepthod witrh allI the ntiserical itttiIim v of thoa vdiv1-1 i',- di agonal matrix element of V2RI2ul2 in the

hycterapherical methods, but one that better determination of the correlation energies, where 012

characterizes other symmetries of two-electron states. 1/2 is the two-electron reduced mass. These studies d-~t5

K-In hypteraherical analyses to date, symmetries for the were mostly concerned with correcting the same

*most part are only surmised on the basis of numerical difficulty in H2 +. but did calculate eround state

*data. energries in helium and in H-.

In the centter of mass (CM) system, the other We will present details of our classification

Jacobi coordinate is the separation r of the scheme and indicate the molecular-like rotational and

two-electron CM and the ionic core. Two-center Coulomb radial couplings that would lead in our description to

functionts are Pieenfunctions of autoionization in doubly excited states. We shall also

* ( 2 compare our description with other related

-i1, 0rZ - n (r,R).t (R)t0 (r,R)i II descriptions
5

, and indicate how our analysis might be

2iA23 -r -~~ /included in an adiabatic hvperspherical treatment.

whi ch def ine corre lat ion pot ertias t n(R) as scaled Referenccs

H2 + binding entergies. 1. J. Macek. J. Phys. Bl. 831 (19681.
r.2. J. M. Feagin. J. Phvs. Bl7. 2433 119841.

.. (R) - u Z EIM ). R R(H+I/u 7. (2) 3. J. M. Feagin. Bull. Am. Phys. Soc. 29. 801
*n 12.1 2 2 12.3 (1984). _

Here4. G. Hunter and H. 0. Pritchard. J. Chem. PhYs.
* er i

1 2
. 2 thte reduceti mass of the two-electrot CM 46. 2153 (19671.

re lat iv. toi the i on Z.. One flttds3 it remarkable 5. FI. R. Herrick and 0. Sinanoglu. PhYs. Rev. All.

97 (1975). 'i
qualitative Simi lari ty of the potentiAls cn(R) as a

function of R with adiabatic hvpterspherlcai potentials

as a functiont of the Ityperiaditia. This Similarityv is

especially Protnountcetd in tdtubly excited levels.

One f inds,. for eKRat I e t ihat tite I Sag potent ial

describ~es pretlomltrent lv th.. ( I Ro)I SP series, while the

2pau level the I isnsI
3
So series. As in hYpertvpherical
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CMttELATION EFFECTS IN NEGATIVE ALKALI-lONlS

the that Birte Christensen-DalsgaardTh

low the use oraelaboratewavefunctionInsorttte

a tom siwn ll involve tawe tneed rt uncostute of 0.'

sienepl e alnct ions hch reeblste rel oes to ~ 05 an% -.

dalargndeagureo correlation is vhereimortant. t 0n4r hw eo. l h la shv

strcnglyforeltew owetrnnesoihoiilrcreainnatrfr.ipiiyw

t Fcor ate decrestonnce tpeu ofetahmese.

* nanoces spe cha is knownl frto tramissi on 09] %.-..
pcrs o elbrt waeascics0

lo n the rsnsoktngtvefions are

*oeetcsaedsrie sn h ye-0 1 2 3 4 5 6 7 8 9 10 11 12 13

sipeia aunc oach inwhi chsebe th e rii ontes FiE. I The railifnt o for the ),ondLi a

i nd as mayphysical aspfiedt throsih: e 1.0hi

concto th unesadn of2 th role of 09- Fxa ..l of the anlsso-h nua

dia and atgua r, corelto 0svr8motn. to r hw eo.Al h laishv

Fxe* for~n th he- fewglresutironancer f he 0iia7 orlto aten o ipiiy w

neaie of ai-os notin 06 knw ..o ny hwtereut o Na

To, wh ich te theta t wa hvef eto aric es~ro ; .03

.rnsecansio lad istkow the roia tratision 01

w inr he -pee n i w o'rthae is atv ions arex-c': :..
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slvirg in) a n (2) as-Fer -Dpir-mal ite plus po 01iser:'ist .
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SIMPLE METHOD TO CALCULATE RESONANCE WIDTHS "I°%-'-. 1

A. Macias and A. Riera

Departamento de Quimica Fisica y Quimica Cuintica and C.S.I.C.
Universidad Aut6noma de Madrid. 28049 MADRID (Spain)

We propose a very simple method to calculate life- _ We compare our results for som 13 0 resonances of

times of autoionizing states, based on the use of the H and He under the nz2 threshold with the literature.

"golden rule" expression For Z > 2 we present the coefficients of Hylleraas

(E)< ~rHxC>.2 type Z
-1 

perturbation expansions in the form

r is calculated by TOM
1
, and xc by diagonalizing H E = Z

2 
E(O) + Z E() + E(2) ....

in a basis set orthogonal to r and varying an overall ....
y = y(O) , Z-1 y(l) + Z-

2  
y(

2
) ....

scaling parameter so that Ec = Er. P(E) is assumed to
2

be inversely proportional to the energy separation and and r is given by r(eV) = 27.21 2w Y (which is

convergence of T with o(E) is quickly obtained, more useful than direct expansion of r ).

Er au r eV r eV r eV r eV
- I

H 1-0.1272 8.18 10-
3  10. l0

-3  
78. 10-

3

2 -0.1237 1.19 10
-3

3 -0.1223 5.60 10-6
4 -0.1199 6.80 10-4

D -0.1243 7.72 10-7
2 -0.1223 5.35 10-7
3 -0.1214 1.43 10-5
4 -0.1196 3.65 10-6

He ID 1 -0.6983 6.79 10-2 6.7 10-2 7.29 10-2 36.58 10-2

2 -0.5681 1.64 10-2 1.5 10-2 1.87 10-2 5.35 10-2

3 -0.5554 2.53 10-4 5.7 10-4 5.81 10-
4  

5.25 10-4
4 -0.5361 7.04 10-3 7.1 10

-3  
10.3 10

-3

30 1 -0.5832 2.40 10-6 0.6 10-5 2.72 10-6 214. 0-6
2 -0.5598 1.70 10-

4  
2.8 10-

4  
1.92 10

-4  
1.0 10-

4

3 -0.5413 1.12 10-7 3.31 10-6 100. 10-6
4 -0.5327 9.24 10

-5  1.36 10
-4  

0.29 10
-4

"

E 
(0
) au E

(I 
au E

(2  
au y(O y~i y(1" ""

ID 1 -0.2500 0.18512 -0.07023 3.5344 10-2 -2.8427 10
-2  

-6.1324 10- 3iI-....

2 -0.18048 0.09769 -0.03915 2.0351 10-2 -1.4283 10-2 -1.5292 10-2

3 -0.18036 0.11823 -0.07574 1.4363 102 -3 .6943 10-2 1.7472 I0-2

4 -0.15601 0.05368 -0.01491 1.3434 10 2 -1.1234 10-2 -4.7347 10-2

3D  1 -0.18050 0.08106 -0.02323 2.7568 10-4 95072 10-4 4.9109 10-

2 -0.18035 0.09910 -0.03350 3.0189 10
3  

-4.0555 10-
3  

-3.6738 lO-
5

3 -0.15607 0.04850 -0.01092 4.6420 10-4 -2.7877 10
-3  

4.6329 10-3 6
4 -0.15605 0.05689 -0.01960 2.0448 10-3 -2.1274 0

-3  
-1.4657 10-

3

References.

1. P.L. Altick and E.N. Moore, Phys. Rev. Lett, 15 Phys Rev. A., 20, 27 (1979).
100 (19F5). 3. G. Aspromalis,-V. Komninos and C.A. Nicolaides, . .

2. E.A. Hylleraas, Z. Phys., 65 209 (1930); E.A. J. Phys. B., 17, L151 (1984).
Hylleraas and J. Midtal, J-Phys. Rev., 103 829 4. A.K. Bhatia a-iU A. Temkin, Phys. Rev. A., 11, 2018 ,-
(1956); 109,1013 (1958); J.O. Hirschefeler, N. (1975).
Byers-Brri and S.J. Epstein, Adv. Q. Chem., 1, 255 5. M.J. Conneely and L.Lipsky, J. Phys. B., 11, 4135
(1984); G.W.F. Drake and A. Dalgarno, Proc. R-y Soc. (1978).
320 549 (1971); N. Moiseyev and F. Weinhold,

.............................. " .. -".-
-. -* ~ -'-, .-. , ** .-- , .--.



* -". . -'* L " - - .T 7 _ - :' '- . 'r . .: L : . 7: : -- T . -
"  

"- .. .. . . .- -- . . . "- - --
=%L

150 W13

TOWARDS NUMERICAL SOLUTION OF THE THRESHOLD IONIZATION PROBLEM , %

Christopher Bottcher '.

Oak Ridge National Laboratory,* Oak Ridge, TN 37831 USA

I will focus on the two-dimensional model1 of the very slowly as p - -. The classical orbits defined by
electron-impact ionization problem Eq. (5) have a condensation point depending on a. X. and

e + H + e + p + e (I) F: as a or X, is varied a complete set of outgoing wave t'. .'4

solutions is generated. Figure 1 shows orbits for a - 1
descibed by the Hamiltonian and X = 0 (labeled W). Those labeled T correspond to the

H - ' + -- ) + 1 .1.1 (2) dipole solution of Tmkin.
3

2 a 1 ar2 7 ri+ r 2 r 1 r 2 Two steps, now, have to be carried through. (a) The

where r1 and r2 are the electron-nuclear distances. The asymptotic formula (5) must be extended to a = 0 by a ..--. .. *

ionization problem is solved if one can obtain a set of uniform approximation. (b) The resulting solution must

asymptotic solutions of the Schr'dinger equation be integrated inwards in p in a stable fashion. Progress .-. .. -

HP = E, (3) toward these objectives will be described at the
conference. -Alip

valid at hyperspherical radii p - 10 ao (r, = pcos,-
r2 = pslna). Such solutions can be matched to short-

range functions to obtain a scattering amplitude. Research sponsored by the U.S. Department of Energy,
The complex action defined by & = exp(iS) satisfies Division of Basic Energy Sciences under Contract No.

DE-ACOS-840R21400 with Martin Marietta Energy
(VS)

2 - 2 (E - V) + iV
2
S (4) Systems, Inc.

A starting point is provided by the Peterkop form2  1. C. Bottcher in "Electronic and Atomic Collisions,"
Eds. J. Eichler, I. V. Hertel, and N. Stolterfoht,

S p + C 1n -a + XF(a) (5) (Elsevier Science Publishers B.V., 1g84), p. 187.
K a

(2E ,2 C - -pV) where a, X, F are arbitrary. Equation 2. R. Peterkop, Soy. Phys. JETP 16, 442 (1963).

(5) is valid at very large p - 25/E and a > ao(P) * 0 3. A. Temkln, Phys. Rev. A22, 324 (1980).

ORNL-DWG 84-16119
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FIGURE 1. Orbits for: a=l, X-0 (W); dipole solution of Temkin (T).
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ELECTRON IMPACT IONISATION OF HYDROGEN AND HELIUM ATOM

K.Roy, P.Mandal and N.C.Sii

Department of Theoretical Physics
Indian Association for the Cultivation of Science, Jadavpur, Calcutta 700032, India.

In this work we study the electron impact and by Handal, Roy and Sil 3 for positron impact

ionisation of atomic hydrogen and helium using ionisation of atoms. Though the additional

three body scattering formalism of L.D.Faddeev. effect of the rearrangement channel, such as

We consider here an electron (particle li with elcctron capture, positronium formation is ab-

mass Mr is incident on a bound system of an sent in the problem of electron scattering, the

electron (particle 21 with mass a and a nu- effect of electron-electron correlation is tak-

claus (particle 3) with mass m3 and designate en into account to first order through the

their respective coordinates and momenta by i wave function (L in the present calculation.

and . (( = 1,2.3). The relative coordinate of Numerical results will be presented at the

particles 1 and 2 is denoted and the conference.

coordinate of their centre of mass by Ren12 References |k '
The conjugate momenta are given by Xl2 and

-912

q12 . Similarly we define the coordinates and L.D.Faddeev, Soy. Phys. - JETP, 12, 1014
(1961).momenta for the other pair of particles. .11-2 c y e A

wing Faddeevl° we write the final-state wave 3 J-Manea, Khy Rnv A l, r17.

wingP.Mandal, K.Roy and N.C.Sil, Proc. VII Int.function for an ioniaing collision as Conf. on Positron Annihilation, New Delhi

where we have retained only the first order

term in the integral equation for ? Here
*(iji are solutions of the two-particle sub

systems where the third particle propagates

freely. Asymptotically, *(iJ, goes over to the

state 0 , where all the interacting partic-

leas are free,.7,%- .

IM-1
. = .(,,- exp(i czl (21" " ":"::.;

Taking account of the indistinguishability of

the electrons, we may now write the matrix

element for ionisation as

T- = lVi I > ""(31

with ' -

Ti = + 2 , 1 ± (2,l)

where the wave function in the incident channel

Y(1,2) is given by

?1 (1,2) = exp _iki.r 1 iqiW2 3 0 (R2 3 .(4*- .- :-

o(R 23' denotes the normal state of the atom

and Vi is the interaction potential in the in-

cident channel. The cross section is obtained

as a linear combination of IT+1
2  and IT- 1

2

with appropriate weight factors.

The wave function If as given by (1I has

earlier been used by Macek2 to explain charge .. ..

transfer to continuum in ion-atom scattering
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ELECTRON-IMPACT IONIZATION OF HYDROGEN ATOM FROM 2s-STATE

P.S.Majumdar, Madhumita Basu and A.S.Ghosh ... ......

Theoretical Phys Dept. . Indian Association for the Cultivation of Science, Calcutta 700032, India.

The absolute measurements of the ionisa- where Iwo

tion cross section of hydrogen atom (025) have T --(rr -  (11.s F r r

been performed by different groups1. The first 2 
1 2

L
2 .. ,2

measurement of 0 was made by Koller
I in the Here, 2s(r 2) is the wavefunction of the hydro-

energy range 3.4 - 10 eV. Dixon et al2 extended gen atom in the 2s state.k c(z, 2 ) is the wave- .v'

the energy range upto 498.5 eV. Recently, function of slower electron. F(r ) and Akf(Z,.

Defrance et al
3 have tried to improve the re- take different forms for the different models

sults of the earlier measurements and reported given below.

the results for 02s . Theoretically, this pro- Model DCA rk (p?)i teCuob function of the "-"")
cess has been studied by Rudge and Schwartz4  Akf ( i e Coult" func"i"'"of"the
using first Born (FBA) and Born-Exchange (BE) unit charge and F(rI1 ) = e i 1

approximation. Independently. Prasad
6 have also Model DWI

reported the 2s using the FBA, BE and Born- Tkf(zr 1 ) is same as in DCA and F(-r) satis-

Ochkur approximations. All experimental data fies the static-exchange equation.

are in mutual agreement and all the theoretical Model I12 a -- ".--

cross sections are much higher than the experi- Akf(zl"*) e a and F( I ) is same as

mental ones below 100 eV. The situation sugges- in DWI.
7

ts that this process should further be investi- In the case of DW2 we invoke the Peterkop

gated theoretically in the said energy range. condition of exchange. In case of DCA and DWI,

Here, we have investigated the process this condition is automatically satisfied.
using three models (DCA, DWI and DW2). In all Total cross section (028) is obtained aftr
Sthe models, the slower electron is represented performing the partal-wave analysis.

by a Coulomb wave with unit charge. The diffe- Primary results obtained are found to be

rences between the three models are given below very encouraging and the final results will be
*i) In DCA, the faster electron wavefunctionis reported at the conference. """"''

represented by a Coulomb wave of unit charge References

and the incoming electron wavefunction is re- 1 K'r'a"ldse ti"nri
presented by a plane wave.

tat Zurich (1969).
ii) The faster electron wavefunction is repre- 2 A.J.Dixon, M.F.A. Harrson and A.C.H.Smith, J.

sented by a Coulomb wave of unit charge. The
Phys. B: At. Mol. Phys. 9 2617 (1976).wavefuncton of the incident electron is obtal- 3 P. Defrance, W. Clayes, A.Cornent and G. Poulaert

ned by static-exchange approximation. This mod- .Dfn.W.ysAor tad-,ar
. Phys. B: At. Mol. Phys. 14 11 (1981).

el is denoted by DWl. 4 M.R.H.Rudge and S.B.Schwartz, Proc. R. Soc.

iii) In DW2, the faster electron is represented
London 28 563 (1966).

by a plane wave and the incident electron wave- 5 S.S.Prasad, Proc. Phys. Soc. 7, 393 (1966).
function is same as that of DWI. 6 A.S.Ghosh, P.S.Mazumdar and M.Basu, Z. Phys.

We have employed these models to calculate A: Atoms and Nuclei 319 13 (1984). -'. -,

* ~the total ionisation cross sections in c--H A7 AosadNce 1 3(94...~
R.K.Peterkop, Proc. Phys. Soc. 77 1220 (1961). ,. .

scattering and our DWI and DCA results are clos .

ser to the measured values than those of BE and

DW2•

The scattering amplitude for ionisation Is

given by '
- .. -- " -"

ion fc (z l"' k ( '"

r12 .. ..-..-+ 60 '_6

1 12

%.."',. .-
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ABSOLUTE TRIPLE DIFFERENTIAL CROSS SECTIONS FOR THE ELECTRON IMPACT IONIZATION OF He AND H AT 250 eV AND 150 eV

P. Schlemmer, G. Knoth, H. Ehrhardt, and K. Jung

Fachbereich Physik der Universitat Kaiserslautern, D-6750 Kaiserslautern, West-Germany

The comparison between measured absolute triple "

differential cross sections for the processes e + H"

p+ e + e and e + He- He+ + e + e and several theore- I " '
1I ", I m

tical approaches have demonstrated that for impact I

energies between 250 eV and 600 eV second order

effects are of importance even for small momentum I .

transfers such as 0.25 a.u.. Second order terms have I ,
2 3been introduced by using 2. Born , Eikonal3 , distorted '00 '

00 .... . , ., , .... .1900 IMO wO
°  

00 -W~ -1200 -1900.. . ,

waves4 or 1 . Born extended by post collision inter- Mcil "1

actionskA

New experiments are presented for the electron

impact ionization of atomic hydrogen and helium

(ejection of a s-electron) for impact energies 250 eV
and 150 eV. In this energy range higher order effects

ho d gain importance. The figure shows an example of -
such measurements.

%

If the first Born approximation would be correct,

the momentum transfer vector must be an axis of --20 • - I O

symmetry for the binary peak (right hand side lobe)

and also for the recoil peak (backward scattering,

left hand side lobe). The maximum of the binary peak -q00

deviates from 
0
oA by as much as 20'. This is a con-

sequence of second order effects.

Fig. 1:

In first order theories the recoil intensity can Cartesian and polar diagram of the triple differential

never be larger than the intensity of the binary peak. cross section for the electron impact ionization of

But this is experimentally found as can be seen from helium for E0 150 eV, EB = 5 eV, 
0
A =4

, iq 0.4

the figure. On the other hand, if the momentum trans- a.u.. The direction of '-he momentum transfer vector is

fer q1 is reduced to zero, then the structure of the indicated by ', respectively -. " -

triple differential cross section must merge into a

cos
2
r distribution with q as the symmetriy axis. But References

this limit cannot be reached for impact energies of 1. MUller-Fiedler R, Schlemmer P, Jung K and Ehrhardt

250 eV and below because of the inelasticity of the H 1985, Z. Phys. A - Atoms and Nuclei 320, B9

process even not for 
0
A = 0. This proves the Ehrhardt H, Knoth G, Schlemmier P, Jung K 1985, to

necessity of more complex calculations than first be published

order even for such high impact energies. 2. Ehrhardt H, Fischer M, and Jung K 1982, Z. Phys. A

- Atoms and Nuclei 304, 119 -

3. Byron Jr. FW, Joachain CJ, and Piraux B 1983, Phys.

Lett. 99A, 427

4. Bransden BH, Smith JJ, Winters KH 1978, J. Phys.

B11, 3095
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QUANTAL e -He THRESHOLD IONIZATION . ~a
I% b.

Derrick S.F. Crothers .

Department of Applied Mathematics and Theoretical Physics
The Queen's university of Belfast
Belfast BT7 INN Northern Ireland

We address the semiclassical approximation and its

application to the threshold law for electron-atom '~-~

ionization, Iand note that the JWKB, Green-Liouville

method is particularly well suited to Coulomb potentials

and their singularities. We avoid singular wave funct-

ions, classical differential cross sections and matching

procedures at arbitrary finite distances. Rather,

matching occurs in terms of current probability densities

on the hype.7spherical surface at infinity. By using the

Kohnl variational principle perturbarively we estimate the

quantal electron-helium singlet threshold ionization cross

section to be given by

Q = 4.7- Em 12- do

where E is the energy above threshold in au and m~

1.1-17 is the well known Wannier~' xponent. At E=O.8ev

the probability for either escaping electron to have energy

E. at right angles to the incident electron beam is foundr 5,6
to he some 40. higher than experiment and to be given

by -19 2 -1 -l

fo.8 (E, r l,) 3.4b (10 cm s r A~ Paz

The coincidence yield when the angle 9 1 2 between the two

escaping electrons in the r!2 plane is 1500 is expressed

as a ratio R to th1il a l 80'. It too is found -a-

to be higher than experiment, taking the values 0.42, 0.50,$

0.59, 0.66 and 0.73 at E=0.2, 0.4, 0.8, 1.6 and 3.0 (ev) ~'..
respectively. Finally we compare with the triple differ-

ential cross section experimental values 7an d obtain good

qualitative and quantitative agreem~nt, provided we retain

singlet amplitudes up to the fourth partial wave.
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STUDY OF HELIUM DOUBLY EXCITED STATES WITH A CORRELATED WAVE FUNCTION METHOD '.

0. Dulieu, C. Le Sech

D~iparternent d'Astrophysique Fondamentale (L.A. 812) ,,
observatoire de Meudon, 92190 Meudon, France

It has been shown that Pluvinage's method Ican be r 6

applied successfully Lo study ground and excited states Sae Ti ~ Ep Ter

of woehctrn olculs Sme '
3  

sate o h- S (2, 2a) -0,77610 -0,7767 -0,77524 -0,77363
drogen Molecule with both electrons excited have also

been calculated, suggesting that this method could be a IS (2. 2b) -0,61727 - 0,6198 -0,61513 -0,60351

4 1
good candidate to describe autoionizing states 41D (2, 2a) -0,70147 -0,7028 -0,69748 -

In the present work, the method is applied to the IP(2, 2.) -0,68100 -0,6938 -0,tn8835 -0,69337

study of autoionizing states of Helium. The Schr ;dinger 3
P (2, 2a) -0,75850 j.~64 -0,75829 -0,76364

equat ion is

z -. Z Z I Energy (a.u.) with k =0,3.-+) , (r r)E ,r r;;)
2 r I r 2 r 1 2 12 1,2

More results and autoionizing widths will be pre-

Th,. st act in: p)i n t of illuvinace 's method is to re- sented at the Conference.

writ, the wave function .(;,,r.,) (;1, r2 ) 1,r

id to separate then Schrodinger equation so that
r, I nd C1 r,)are olutin ofReferences .1

r,, 2 nd (,,r) ar soutio of1. P. Pluvinage, J3. Phys. Radium, 12, 789 (1951)

_ ~ 72. M. Aubert-Fr~con and C. Le Sech, J. Chem. Phys. 74, -

z 2 1 r 2931 (1981)

3. A. Herriet , M. Auhert-Frecon, C. Le Sech and F.

2 -, ---.=k~MasnouSeus 1 Phys. B, 17, 3417 (1984)
r 1 2 4. C. Le Sech and M. Aubert-Frecon, J. Phys. B 15,

The soution r r' I (~ I ould b exactif 5. L135-L137 (1982) ad I(e.7

The 2outo r' 2- ol e xc f5 Classifications used by Lipsky anda.(e.7

b :~ eing a constant. our approximation con- 6. W.C. Martin, J1. Phys. Chem. Ref. Data, 2, 257 (1973)

sidrs.: ..- ~:. =H' as a perturbation, )' being a 7. L. Lipsky, R. Anania and M.J. Conneely, Atomic and

constant . More details can be found in references quo- nuclear Data Tables, 20, 127 (1977)

ted above. 8. J1. Macek, J3. Phys. B 1, 831 (1968) *

Iii' present approach has some interesting points

- the approximate Wave function describes exactly

the coulombic repulsion /r 1 2 .

- toug . r1.rQis a correlated wave function,

it preserves the configuration idea.

- the wave function , is the product of two func-

tions *stands for the orbital motion of the un-

screened electrons, and ~.describes the electrons' cor-

relation as a collision in the coulombic field /r1 2

Calculations and results :For He (n. n I

configurations, the hamiltontan matrix is calculated on

the basis of antisvtmmetrized and eigen functions otL2

and S, built with the n Crl r2  (r ) correlated

orbitals. ..

Eigenvalues are deduced after diagonali?.ation.

Energies for n1  2, n 2 -2 are reported in table here-

after
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AN OPTICAL POTENTIAL MODEL FOR POST-COLLISION INTERACTION

IN EJECTED ELECTRON SPECTRA

P.J.M. van der Burgt, J. van Eck, H.C.M. Heideman and C. Nienhuis r-

Fyssch Laboratorium, Rijksuniversiteit Utrecht, Princetonplein 5,
3584 CC Utrecht, The Netherlands.

>~~~~. and 1;a ;;> ar .esa f4,

Post collision interaction (PCI) in electron where > and ] > are elgenstates of ; ,

scattering experiments causes an exchange of energy and Substituting the amplitude for decay of the

angular momentum between the scattered electron and the autoionizing state: X(q * a) = a PH 0 Q/a> the first V

electron ejected by an autoionizing state. In order to term in (2) becomes: X(q a) fqIr<(I >dr.

study these processes van de Water et al.1 formulated a Expansion into partial waves results in a radial

model for PCI for the case that the scattered electron integral equivalent to the shake down model
3
. Analogous .. -.

is captured into a singly excited state. Their model is to van de Water et al.' an expansion in partial waves

based on a fornal separation of PCI from the initial can be made of the second term of (2), resulting in an

excitation and subsequent decay of the autoionizing integral over the radial cogrdinates of both electrons.

state. Similar to the resonance theory of Feshbach
2 

a Recently van der Burgt et al.
4 

have measured the

standard optical potential technique is applied, which angular distribution of ejected electrons from the

allows a separation of the transition amplitude into He**(2s2) IS autoionizing state after its electron

the parts T - Tp + Topt, T describing the direct impact excitation via the He-(2s2p)2D resonance. Figure

excitation of singly excited states,* and To I shows the measured angular distribution, which is

containing the effect of autotonizing states on the anisotropic due to both angular momentum exchange

excitation process. during the PCI and Interference with the direct

In the same way a model for PCI may be formulated ionization of helium. Apparently the probability for

for the case that the scattered electron remains in a angular momentum exchange has a maximum at 5(," and has

continuum state, corresponding to the reaction: minima around n* and q
°.

"

• ,+ PCI Calculations for this case, based on the opticale eHe + e *e + e8  * He + e + e"' '"""

E.k 2 - k
2 
. a + e 2 , 2 potential model sketched above are in progress and

Ek Ea k 2 qa q results will be presented at the conference.

The transition amplitude becomes:

Topt 0< BaSPHQkS a > 10-

I , < (%t aQHP1kiO > l, (I

E-E -Jk +r a

where 10> denotes the ground state of the helium
atom, 1a. the autotonizing state. 11> a free electron Figure 1.

state of momentum t and 11> an electron state of Differential cross

momentum J in the Coulomb field of the He+ ion. The sections for resonant %

projection operator P projects on the subspace of excitation and decay "

states with at least one electron in a Is orbital, the of the He**(2s2)IS

complementary operator Q = I - P projects on the autoionizing state.

subspace containing the doubly excited states. We now The cross sections f
introduce the Coulomb interaction between both outgoing are determined for

electrons , - - I and assume that the decay ejected electrons

of the autoionizing state is not influenced by the with energy 33.5 eV. 0

scattered electron. The first matrix element of (1), 30 40 50 60

describing decay of the autoionizing state and EJECTION ANGL ej -

subsequent PCI becomes (analogous to eq. (2.14) of ref. References

1): W, .. .,,V a t ... de Wa t e,'. .... .. .. . I. ' ' , . : ... '.
<P-__0 Qp ,aQ=> <0,;><.PH Qa> + . Phys. B 14, 24 5 <13 )

2 H. Ceshhar', .An. Ph'., ';Y 19, 27 (1 2..

ff (q3qOPV8 PlqFq> 
2

_'
2

_ F. R,'d, I. s. II, !, 7 (1977).E- J qe q'' P ,
4 P.J.4. van dcr Rir,j, T. v in i, i .in.d . i. 1

< lq;It~>(q'PH Ql> dqadq (2) eld . . Phv-. C t ,"'d ( '

" a t.i -.'"an, .. " "" s. " " "-. .

....-- - . .- -. . . .I-
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ABSOLUTE DOUBLE DIFFERENTIAL IONIZATION CROSS-SECTION FOR ELECTRON IMPACT: He

L. Avaldi, R. Camilloni, E. Fainelli and G. Stefani

Istituto di Metodologie Avanzate Inorganiche del CNR

Area della rIcerca di Roma, C.P. 10 00016 Monterotondo (Italy) ,

A detailed understanding of atomic and molecular

ionization by electron impact is important in many energies (100-1000eV) with Jansen et al.
5 

data. Ln

fields such as astrophysics, upper atmosphere, plasma addition each measurement has been repeated with the

and radiation physics and, of course, it is of gas beam off to check for possible background counts .- .

intrinsic interest because of its fundamental nature, due to the scattering of the primary beam on surfaces

Informations on the dynamics of ionization can be of the chamber. For each set of EO, EB the - -

searched for by measuring absolute double differential complementary DDCS relative to EA=Eo-EB-B has been

cross sections (DDCS) for ejection of secondary measured. This has been done because in the case of " . • "
electrons of energy EB at an angle # by primary He, for which the contribution from double ionizaton is"- -

electrons of energy E0  %2% and the one from simultaneous excitation and

Within the last twenty years knowledge of the ionization is below 2% for all E0 , the following

ionizing process has improved very rapidly
1
,
2
'
3  

To relationship is valid:

summarize the theoretical and experimental results Y.K. 2 
2

- -

Kim4 has recently proposed some "recommended"o-! d 8 f = d- d A dg,
cross-sections, which represent a consistent set of -o-4E l "dAdEA
DDCS for He, independent from any specific theory or The DDCS for the fast scattered electrons can be

experiment. They satisfy known theoretical and given in absolute units by anchorating its optical

experimental requirements on asymptotic and threshold liml (momertum transfer K-O) to the Optical

behavior, angular symmetry and values of integrated Oscillator Strength (OOS) which is knowr by

cross-sections. Within this approach the DDCS can be photoionization experiments within few per,.-nt. By

represented by a truncated series of Legendre this way it is ,o~sible to give ir. a' solutc nits also

polynomials the DDCS for the siowe- ejected electrons.

6 A detailpl comparison with nrevious experimental -' -

: an(csO' (1) data and with the polynomial exoression 3uggested by
..ij 'i n nn(CS, 4w

-------- M Kmil' be pres"nted and discussed.

whose coefficients have been used as fitting parameter
in order to reproduce and generate DDCS's for any

combination of 0 (0O - 
1800 ), E B (0-40) and E0 ( 100-2000

eV). Recent experiments of H. Ehrhardt et al? have " "

tested the reliability of these recommended DOGS over u-r 0

the full range of EB and E0 previously mentioned. cl

In this work absolute differential cross-section • -

on He for 900 eV incident energy are presented. The

ejected electron energy ranges between 40 and 237.75

eV, while the angular range is 50-14r. The work is _g.

meant to give a contribution in completing the mapping T

of DDCS for secondary electron energies approaching the

limit EB= (Eo-B)/2, where B is the Hels ionization E

energy. Although the vast majority of ionizations " . -

occur away from this kinematic region, it is anyway of -

interest to ascertain to which extent Kim's formula (1) too 0so
can be applied, approaching the domain where binary

collisions are dominant and exchange effects are
important.

A crossed beam apparatus designed for (e,2e)

experiments has been used for the present measurements. DDCS for 40 eV ejected electrons, E0 :500 eV.

Usual working conditions were few pA current for the (S)preseft data, (O)Opal et al.

incident beam and 2 10
- 6 

torr for the residual gas Kim's4recommended cross-section (-)

pression in the scattering chamber, corresponding --

approximatively to a local pressure in the gas target 1) C.B. Opal, E.C. Beaty and W.K. Peterson, At. Data .4,
-3of pl 10- torr. Th.e solid angle subtended by the 209 (1972)

-4
electron analyzer is 3 10- ster, while the energy 2) N. Oda Radiat. Res. 64, 80 (1975) and references

resolution is .6 eV. A careful evaluation of therein.

background sources has been performed. The 3) H. Ehrhardt, K. Jung, R. Muller-Fiedler and P.

contribution due to change of the effective target Schlemmer, (1984) to be published

length with the angle has been measured, comparing 4) Y.K. Kim Phys. Rev. A28, 656 (1983)

relative data of elastic peaks at several incident 5) R.H.J. Jansen, F.J. de Heer, H.J. Luyken, B. van

Wingerden and H.J. Blaauw J. Phys. B9, 185 (1976)

' ... .- ... .... . .- .. .
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ENERY PA~rrrONIN tIN NAR-TrHRESHILD EXCIIIArIN AND [ONLfSATfON OF W.Lr~fIN 13Y
E!ECTRON rwPAwr

P. lambnd, F. H. Read, S Cvejanovi6 0 
and CG.C.Kling

Schuster Laboratory, University of Manchester, Manchester K13 9PL, U.K.
-Institut za Fizku, P.O.o 57, 11001 Beograd, Yugoslavia

We have looked experimsntally into new details of the CRE spectra have been obtained for the following . -.

threshold ionisation process and have found that the comblnation of E2 and the scattering angle 0: 0.05eV,

results agree with those of a recent computational study 900; O.15oeV, 900; 0.3eV, 900; 0.6eV, 900; 0.3eV. 400;

based on a classical treatment 1 . In particular we have 0.6eV, 400. The figure shows the resulting average -

investigated the partitioning in energy between the two value of f(x).

slow electrons that result from the process of i

near-threshold ionisation and also from the closely

related process of near-threshold excitation to high-n

states. 1.0
The two processes can be represented by . ..

e(tI+) 4 6e(O) - me*(r) + (E) 4 s(E 2 ) and

e(I+E) + He(O) - He (I+EI) + e(E2)

where the quantities in parentheses are the energies of .96

the reactants or products. In the second process an

* electron is left bound in a high-Rydberg orbital of the f x) "

atoe, with an energy El that is negative. In both

* processes one electron remains in the Is orbital and the ,92

energies El and E2 of the other two have magnitudes that

are much less than I.

According to the Wannier theory
2
'.3

4
, the cross

section for the near-threshold ionisation process has the X

fon FIGURE Comparison for experimental results

ae(E 1 )dE1 o EO.127 f(E1 /E)dEI (points) with calculated result (full curve).

where d 1 represents the energy interval over which one The full curve in the figure shows the function f
of the outgoing electrons is observed. This equation calculated by Read

1
. There is good agreement between

* also gives the cross section for near-threshold this and the form of f that we have found

excitation1
' 5

, if the cross section is averaged over the experimentally.

closely spaced Rydberg states. At very low values of 62 (0.1eV) the form of the CRE"
Following the computational results of Vinkalns and spectrum in the vicinity of E--0 becomes dominated by the

Gailitis
6 , 

based on classical trajectory integrations, it term IO. 127 rather than by f(E2/E), giving the

has long been assumed that the function f is constant in ionifsation cusp" seen by Cvejanovi6 and Read8 (see also

. the interval EI-O to E, giving a uniform partitioning in spence
9
). 'The yield at 9-0 is always finite because

energy between the outgoing electrons. This result has f(E2/1) is proportional to (E2/)C' 12" when E2/1 is very 0,
also been found quantum mechanically 7

. Recently, large1
.

however, the more accurate computational results1  
have In a second type of experiment, using the energy

Indicated that the energy partitioning Is not uniform, loss (EL) Mode, the results are again consistent with

The purpose of the present work is to investigate the the calculated form of f.

form of the function f for near-threshold ionisation Results will also be presented of measurements of - - - -""

(E10 to Z) and also for near-threshold excitation (ElcO, the form that f has when the incident energy is less

or since the electrons are indistinguishable, E1E). than I (i.e. when E,0).

We have obtained constant residual energy (CRE)

spectra, by keeping the analysing energy (E2) fixed while References

the incident energy (I+E) is varied. To deduce the form I F H Read, J Phys 8 17, 3965 (1984)

2 Wannier G, Phys Rev 9q, 817 (1953)of f(x) from a CR1 spectrum Y(E,E 2 ) we use the yield 3 Peterkop R, J Phys 0 .4, 513 (1911) 4r:
(after subtraction of the background) at the point E2E2 4 Rau A R P, Phys Rev A 4, 207 (191)1

as a noruavliation point and take f(0.5)-1.0. Then 5 Vinkalns I and Gailitis M, Latvian Academy ot
Science Report No.4 (1961. Riga: ?inatne) pp, I?
6 Vinkalns I and Gailitis N, Abstracts 5th rCP eAC, 648

212 Y(EE 2 ) (196"7)f(-/E) - x 7 Rau A R P, J Phys 8 q, E283 (1916)
1 y(2E2,E2) 5 Cvejanovi6 S and Read r H, J Phys 8 10, 1180 (19?4) ...

:: :. - -- ... : ..-.-,"- ':-
" -. . .-. . '"F ,, -. " - "-; : - ,"
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EJECTED ELECTRON SPECTRA FROM AUTOIOt4ISING STATES OF HELIUM EXCITED BY ELECTRON IMIPACT

P S I Moorhead and A Crowe

Department of Pure and Applied Physics. The Queen's University of Belfat.
Blelfast. United Kingdom

The ejected electron spectra due to decay of the

* (2p2'D and (2s2p)1P autoionising states of hali= have

* been measured over the angular range 500 to 1300 with 2-

respect to the incident electron beam and for incident

electron energies of 70. 80, 100 and 200 eV. 0-0-

44
* The double differential cross section in the

* region of a particular autoionising resonance is of the

form given by Ealashov et all -0.5

-~ c(K) + a(K)a + b(K)

* where c(K) is the differential cross section for direct -0
ionisation. b(K) is the resonant differential cross

* section at the resonant energy Er, and aCK) is a

measure of the &syetry of the resonance. K is the

e ejected electron momentum and ea 2 (E-Er )/r, where r ~ -

* is the resonance width.

* In the present work the angular dependence of each
* of te parameters a(K) and b(K) has been extracted from -2C0 60 80 10 2

the measured spectra. Figure I shows the &fX) and bCE)

parameters for the (2s2p)1P state from the present and

previous
2
'

3 
experiments at an incident electron energy J

1-5
of 100 eV. The present data and that of Gelebart et

* al
2 

have been put on the same scale by normalizing the

*a(K) parameters at 900. The parameters of Pochat et

a1
3 relative to the earlier data

2 
are as discussed by

*them. 6i

* There is qualitative agreement for both parameters

for angles 1 700. However, for angles < 700. the a(t)

parameters show quite different behaviour. The present i -

*b(K) parameter varies much less rapidly at both

extremes of the angular range then that of the French

group. I

60 80 100 -120

Ejected Electron Angle (dog)
References

1. V V Dalashov. S S Lipovetsky and V S Seashenko.
* Phys Lett 39 103 (1972).

2. F Gelebart. R J Tweed and I1 Peresse. Phys B 9
*1739 (1976). Figure 1 a(K) and b(K) parameters as a function of

3. A Pochat. R J Tweed. M Dori tch and J Pares,.. J ejected electron angle for the (2a2p)&P state of
Phys B Ii2269 (1982). heliu, at an incident electron energy of 100 eV. b~

2 Gelebart at al
2  

A Pochat at 813 0 present data.

______ .1 * .... :K' .:: .1.I.-. ...
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EXCITATION OF AUTOIONISING STATES OF HIfIUM IN SPECIFIC MOMENTUM TRANSFER ELECTRON COLLISIONS

P S K Moorhead and A Crowe '

Department of Pure and Applied Physics. The Queen's University of Belfast, %________
Belfast, United Kingdom

The autoonising states of helium exci•ted by

electron impact have been studied mostly by measuring ejected electron energy of 35.30 eV and the IP at 35.54 A

the spectra of either the scattered or ejected eV are partially resolved.

electrons. Such spectra correspond to an integration

over the momenta of the undetected electron. if. Spectra obtained over a range of ejected electron - A
however, the scattered and ejected electrons are angles and the a(k1 , 

Q) and b(k', 9) parmeters derived

detected in a coincidence experiment, the kinematics of from them will be presented.

both outgoing electrons are completly defined. Hence

information can be obtained on both the direct

ionisation and autoionisation cross sections ass

function of the momentum of the emitted electron for

specific momentum transfer collisions. The triple

differential cross section can be written in the form,

Balashov et all, 2"0

- - C= o c(k1. 9) -""
d n k d n k  d E c : 1. o 0 -

0+ a(k 
, Q) s + b (k

1
. Q) "''''

a
s 

.1 U " -

34"5 35-0 355 36.0

where c(kI
, 

Q) is the cross section for direct Ejected Electron Energy (eV)

ionisation, b (IL
1
, Q) is the resonance cross section L W-

and a (k, q) is a measure of the asymmetry of the

resonance. ko. k and k
1 

are the incident, scattered Fig I Coincidence electron spectrum for the (2pS)ID

and ejected electron momenta respectively, and -o - (35.30 eV) and (2s2p)IP (35.54 eV) at an incident

k is the momentum transfer. a = 2(E-Er)/F, where E is electron energy of 200 eV, a scattered electron

the ejected electron energy, Er is the resonance energy angle of 100 and an ejected electron angle of 1300

and r its width. =0).

The feasibility of this approach was first References

demonstrated by Weigold et a12 for the (2s2p)sP and

(2p2)'D states of helium. The broad energy resolution 1. V V Balashov, S S Lipovetsky and V S Senashenko,

(0.6 eV) prevented resolution of the states and the Soy Phys $ETP. 3-6, 858, (1973). j I
analysis of the data was based on the assumption that 2. E Welgold, A Ugbabe and P J 0 Teubner, Phys Rev

the ID state could be ignored. More recently €(k. Q), Lett, 33, 209 (1975).

b(k
1
, 9) parameters for both these states have been 3. A Pochat, R 3 Tweed, M Doritch and 3 Peresse. J

obtained by Pochat at a1
3
, although the features were Phys B. .j, 2269, (1982). . -

again unraolved in the measured spectra.

In the present work, ejected electron spectra for

specific momentum transfer electron collisions have

been measured at an incident electron energy of 200 eV

with an energy resolution -. 100 meV for the same two

states of helium. Figure 1 shows such a spectrum for a

scattered electron angle of 10' and an ejected electron

angle of 1300 (4= 00). The ID structure at an

. ° - o. -. ..

. ...-.- .• ..
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ELECTRON IMPACT IONIZATION CROSS SECTION MEASUREM1ENTS " -,-

OF THE CHLORINE, BROMINE, AND IODINE ATOMS

Todd R. Hayes, Robert C. Wetzel, and Robert S. Freund - - -

AT&T Bell Laboratories, Murray Hill, NJ 07974 USA

Absolute cross sections for ionization of reactive 4.C R.

atoms and molecules by electron impact are important 
CHLORINE

for modeling of discharges and for quantitative mass .i 3. 0.

spectrometry of neutral species extracted from dis-

charges. We report here the first such measurements Z 2.0-

for three of the halogen atoms, over the range from U

threshold to 200eV. The method uses a beam of elec- -u

trons crossing a fast atomic beam, with charge state cn '.0"I"""

0
separation and complete collection of the product ions " .

(Fig. 1). 0.0

The fast atomic beam (with a flux of about 1010 5.0- ~ ~~~BROMINEi:ii i..

atoms/sec) is formed by charge transfer neutralization -O L

of a 3 kV ion beam. Chlorine ions are formed from a dc 4. 0

discharge in CF2 CI2 vapor or solid CaCl 2 in a rare gas. ..

Bromine is formed from CF2 Br2 vapor. Iodine is formed 3.0

from solid KI in a rare gas discharge. The charge 0 B0

transfer gas is ethane, although many other gases would U 2.0

probably be equally satisfactory.

Only a single electronic state of the atom is e 10:

expected to result from charge transfer with ethane; Br... x 50

threshold measurements confirm the presence of only the 
0.0

ground state. Both fine structure components probably .OT- IODINE

form, but the electron energy resolution is insufficient ,"

to resolve them. d 6.O0 I TOTAL

The neutral beam flux is measured absolutely by a 
-"

secondary electron detector, which is calibrated against 4 .

an ion beam with a pyroelectric detector. The overall * *

absolute accuracy of the apparatus is calculated to be )

±15%. This accuracy was confirmed by remeasurements U 2.0

0 1
of the well-known rare gas cross sections. ex X I0

Preliminary results are shown in Figs. 2, 3 and 4. O.0..

For all three atoms, the maxima of the cross sections 
.40 s 120 160 200

E. V.
are slightly larger than those of the neighboring rare Figures 2-4. Electron impact ionization

gas atoms, a trend which is consistent with calculations cross sections for Cl, Br, and I.

by Stafford' and bv Mann
2
. .... *

References SEHwECtO 4,

1. F. E. Stafford, J. Chem. Phys. 45, ' I'-.
859 (1966). IS CMMON

2. J. B. Mann, J. Chem. Phys. 46, INMLNSTE
1646 (1967) (m- LENS LUL ,-"
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' d-SHELL AUTOIONIZATION EJECTED ELECTRON SPECTRUM OF THE GROUP

TB ATOMS Cu, Ag AND Au, EXCITED BY ELECTRON IMPACT

rorrest*, G K James*
a
, M Kurepa

b
, V Pejcev , K J Ross* and M Wso

+

Department of Physics, Southampton University, Southamnton, England ,

Denartment of ?'.ysics, Chelsea College, London, England

The group IB atoms have been the subject of a

number of ultraviolet absorption and arc spectra studies.

The discrete spectra of these atoms above the first

ionization notentialare principally due to excitation 5d
9
6s7p

of an inner d shell electron from the ndl
0
(n+i)s eround

state to five configurations of the form nd
9
(n-i)smp and

mf(m~in~I , where n n3, 4 and 5 and m'a4,
4 

and 5 for Au 500 eV

Cu, Ag and Au respec:ivel'), the np series being domin-

ant. These series terminate at the nd
9 
(n+])s ion levels,

and so the spectra are confined to a region within

approximately 4eV of the first ionization potential. '-

In the present investigations, the d-shell ejected

electron spectra of Cu, Ag and Au were observed follow- .- ,
x2

ing electron impact excitation, over the range o'

iicident electron kinetic energies 10 to 500 eV with

a beam current typically greater than 10pA. Velocity

analysis of the ejected electrons was performed using I I "

a 180
° 
hemispherical sector electrostatic analyser, 2

Ejected Electron Energy (eV) • L",
operated in constant resolution mode. A radio-frequency je d lco-r e

heated graphite oven (high density graphite EK 986)

was employed in the present work. and the metals used Figure 2 The ejected electron spectrum of Au between

were 1,9.9q9 pure. V al 3. C7 J el-tron eLhr-: , 1 rved .iLl.

500 eV incident electron beam energy.

The spectra of Cu obtained at 500 eV and at 15 eV,

and the spectrum of Au obtained at 500 eV incident

electron kinetic energy are shown in Figures I and 2

respectively. -ie corresponding spectra of Ag have been

published elsewhere In order to make assignments to -. -

Cu features in our spectra which are not observable by

photoabsorption we have used the results of Hartree-Fock

based calculations to estimate eigenvalues for these

opt ically disallowed levels and hence made new assignments

to our spectra where possible.

References

15 eV James C K Ross K J and Vilson M J Phys B: Atnp'p ,/ - " - '""
12 limit Mol Phys. 16, 4237-4247 (1983)

a Present address Department of Chemistry, University

2 of British Columbia, Vancouver, Canada .l=F

Ejected Electron Energy (eV)

Figure I : The ejected electron spectrum of Cu between b Present address Institute of Physics, Zemun,

.and . e' elected electrnn ener", obsered with ugoslavia

incident beam energies of 500 eV and 15 eV. %.. -
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FORMATION AND DECAY OF AUTOIONIZATION STATES OF Sr, Ca AND Ba ATOMS

IN SLOW ELECTRON-ATOM COLLISIONS

S.M.Kazakov and O.V.Khristoforov

Physics Department, Chuvash State University, Cheboksary 428015, USSR

. The electron spectrum of the autoioniza- rule, the intensities of the decays to the
" tion states (AIS) and the energy loss spect- ground state are greater than to the excited

rum of electrons scattered through 900 were states. Nevertheless, for all these atoms we~investigated on the same apparatus. The ele- found few decays into excited States which. -- '

ctron spectrometer we used1 is modified to were several orders of magnitude stronger than

permit high-temperature investigations. We the decays into the ground ionic states. We

studied the spectra in the primary-beam ener- also found few transitions into the excited

gy interval E = 10 - 1U0 eV and in the eje- states which can be observed only in the narrow

cted-electron energy range 5 - 30 eV. incident energy interval above threshold

As a result of analysis of numerous ele- (Esc 4 1 eVJ, i.e. these processes are strictly

ctron spectra energy dependences of the inte- resonant.

nsity for more than 40 lines have been obtai- We compared our results with the results

ned. Depending on nature of decaing autoioni- of measurement of the ionization cross sections

zation states these intensities behave diffe- of these atoms and the excitation functions of

rently. However, for the series of lines we the spectral lines of the ions Sr*, Ca* and

found the presence of one or more sharp and Ba*. It was found that the sharp structures on

intense maxima on the curves near the thres- the ionization curves are the consequence of

holds. These maxima are caused by the additi- the resonance population of the AIS and their

onal mechanism of populating the AIS through subsequent decay into different positive ion

short - lived negative ion states of the states. The structures in the excitation fun-

respective atoms: ction of the spectral lines are the consequence
of the following process:

e + A-A -A e
ais sc e + A-A- a s + esc

A+ + eeject.

The analysis and the comparison of the A+N e
eject

energy loss and the ejected electron spectra

showed that many AIS were represented by more A*+ hV

than one line in ejected electron spectrum,

as a result of multichannel decay of the AIS. Reference

The multichannel decay is best studied at 1. S.M.Kazakov, A.I.Korotkov, O.B.Shpenik,

small incident energies close to lowest ioni- Sov.Phys. JETP 51, 847 (1980).

zation states thresholds, where the decay

pattern is simple. Lines in the ejected

electron spectra appear in correleted groups,

each group representing decays of various AIS

in a particular A+ state. Lines within a group

have different intensities, but the correspo- r- "'

ding lines in each group have the same appear-

ance potential, which proves the multichannel

decay of AIS. Positive ion excited states in

question are, most probablly,the lowest 2D

and 2P states of the ions Sr* , Ca* and Ba .

The number of the channels achieve 5-1U. As a

--.. , o - .
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LECTRON4 IMPACT IONIZATION OF LASER EXCITED BARIUM ATOMS

S. Trajmar' and J. C. Nickel
+  

" "

RJet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
+Department of Physics, University of California, Riverside, CA 92521

A collimated atomic Ba beam (20:1 collimation) was 6s6d 1
D and 696p 

1
P states. The total ionization cross

excited by a crossed laser beam to the 6s6p 1P level. sections obtained this way are averages over scattered ~
The tunable, single mode, cw dye laser was able to and ejected electron distributions and do not change

selectively pump the 138 isotope (which has no hyperfine with laser polarization. It was found that the total

structure) and was linearly polarized. Radiation decay ionization cross section for the 1
3

8Ba (6s6p 1
P) and

from the 
6

s
6

p 1P level has in addition generated some 
1 3 8

Ba (6s5d ID) species were about 20% and 40%,

population in the 6s5d 1D metastable level of Ba. respectively, larger than those of 13 8 Ba (6a2 
1 S)

(Branching ratio ! 1:700) In the interaction region, species in the 20 to 90 eV impact energy range.

therefore, we have a mixture of ground state Ba isotopes Measurements at lower electron impact energies are in

(in the ratio of their natural abundance), and 
138

Ba progress and w ill be reported.

atoms in the ground 652 
1
S and excited 6s6p IF and 6s5d This work was performed at the Jet Propulsion

ID states. Above the interaction region (just outside Laboratory, California Institute of Technology and was

of the laser beam) only the D and ground state species supported in part by the National Aeronautics and Space

survive (lifetime of the P state is -10- see). Administration and in part by the National Science

The Ba atoms in the Ba beam/laser beam interaction Foundation.

region or above this interaction region were ionized by

a crossed electron beam. The electron beam energy was Refrence:

variable from a few eV to few hundred eV and the width 1. S. Okudaire, J. Phys. Soc. Japan a., 409 (1970).

of the electron ener&y distribution was about 0.4 eV.

The Ba ions were mass analyzed with a monopole mass

spectrometer and the 138Be+ ion signal was measured with

and without laser pumping both in the laser/Ba

interaction region and above it. (See FI& 7 for

schematic a'rangement.)

KjION OflICS AND

SREAM MASS SPECTROMETER5., RAM,, ,
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FOR (

1
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.- :~-- ___PUMPING
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1

PUMPING
COLLIM.ATOR

-- B. OVEN

Fig. 7. Schematic experimental arrangement

From these measurements and from the known

ionization cross section of ground state 13 8Ba (which

was taken equal to the ionization cross section of the

naturally occuring isotope mixture)
1 

we have been able

to obtain ionization cross sections for 138Ba in the
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ELECTRON SPECTROSCOPY OF MULTIPLY IONIZING%
ELECTRON-RARE GAS COLLISIONS

M. A. Chaudhry, A.J. Duncan, R. Hippler and H. Kleinpoppen
Atomic Physics Laboratory, University of Stirling, Stirling FK9 4LA, Scotland

INTRODUCTION - -% %

Recently the measurement of doubly differential cross % J *.. .

sections (DDCS) for electron ejection in electron- * " -a

argn collisions was reported by Hippler et al for

eIected electron energies 25 eV to 300 eV, ejection

angle and incident electron energies of 300 eV

to keV. These measurements are now being extended

and imroved. New results are reported in argon for

an incident -lectron energy of 1.; kLV.

APPARATUS

An energetic electron beam is injected into a dilute

argon gas target. Ions produced by this process are

extracted from the collision region by a small electric

field ( 15 V/cm). Electrons ejected at 90' with

respect to the incident electron direction and per-

pendczular to the electric field used for ion extraction Fig. Doubly differential cross sections (DDCS) for
n-fold ionization versus energy of the detected

are detected in a 30C parallel-plate electrostatic electron for 1.5 keV electrons incident on argon.

analyzer. Electrons ejected in an n-fold ionization The e)ection angle is 101. Data are obtained in
coincidence with o Ar., 0 Ar-, . Ar 

, 
and not . -process: sh,.wn) Ar ions. .O. 4 lii izls :

e- - Ar - ne- + Ar
n  

+ e: guide the eye.

are identified by detection of the corresponding product RESULTS

ion. The ionic charge state is determined by a time- The DDCS for electron impact on argon at a.n energy cf

of-flight method in which the time delay of the product 1.5 keV is shown as a function of ejected electron energy

ion relative to the ejected electron is measured using in figure . With reference to the Ar i.1 tn- A:"

coincidence electronics, results, the peak in the DDCS appears to show a shift

As shown in figure 1, peaks corresponding to n=1 up to towards lower detected electron energy of about .1, eV

n=4 are observed, per charge state increase, in agreement with the prc 0:-

rare gas collision results of Hippler et a:.
300 A, 2

The aithors gratefully acknowleige the financial supprt

-r"of SERC and wish to thank Mr K Saeed for .4sef;, jiscissions.
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z Ar4 ar + REFERENCES

0 . . ". : . R H i p p le r , K S a e e d , A J D n c. . a n d H K :e . . ..pp. ,
" Phys. Rev. A 30, 33-8 (1984 . • .- "

I ME (microsecond) 8 R Hippler, J Bossler and H 0 iL.tz, J Phys. a :,
T453 (19q4)

Fig. 1 . Time of flisht spectrum of argon ions with
charge *1 to .4 in coincidence with ejected
electrons of energy 200 eV. .

In comparison to the earlier work of Hippler et al,
1

improvements in energy calibration, detection efficiency

and statistical accuracy have been achieved.

*.............-....*"
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PARTIAL CROSS SECTIONS FOR SINGLE AND MULTIPLE IONIZATION I
OF Xe USING CROSSED ELECTRON-NEUTRAL BEAMS

D. Mathur and C . Badrinathan

Tata Institute of Fundamental Research, Bombay 400 005, India

elcrn central-field models. For instance, the 0*-

stogycollective character of N shell electrons

i emnfssitself intettlynonhydrogenic

natue o phtoasorpion spetra Furthermore,
reetsuisof elcrnipc oiainhave 10 a2

esalse htin addition to 'direct' ionization EE.-
Other complex mechanisms can also make significant -

contributions to the ionization process . We report 10 1 0

here high-sensitivity measurements of partial cross

*sections for ionization of Xe upto charge state b 0.

3, from threshold to -~ 150 eV, using crossed beams .

* ~Fig .1 shows the single ionization cross section , Z

* function for Xe; the relative cross section has

been normalised against the absolute total ionization

cross section of Rapp and Englander -Golden 3 
at 20

e. We interpret the prominent minimum in the vici- I I *I

nity of 55 eV as an effect of inter-shell interac-40 6 80 00 20 40 0

lions involving virtual excitation of 4d-electrons ENERGY (eV).*

and subequnt ranfer of xciatin eerg to FIG.2: Ionization of 4d electrons. Circles: present datajthe ;r, shell . Calculations usinw a one-electron (sep tpxt);- I~in': Niotioii:at ion clate (re.4),

model indicate a zero in the 5p--# fd contribution Dse:loYhml

to single ionization in Xe at this energy. Alterna- We have also fitted the semi-empirical Lotz

live processes such as excitation-autoionization formula to our Xe' data, taking into account the

5
involving 5s 5p nl nl or 4Id

9 nl states are unlikely 5p, 5s and 4Id subshells . The difference between .,-

to contribute to structure at this energy. measured and calculated data is compared (Fig.2)

6 with 4id photoionization cross section 4, The surpris- . *<.

ing similarity between the two data sett der.,.nstrates
the inter-relationship between electron and photon*

Z 5 impact ionization and indicates that concepts like

electron correlations, term dependence and wavefunc-

lion collapse, which are applied extensively in

Ln 4photoionization, may be of relesat'?e in electron -

r= imtpact ionization of high-Z atoms too.

S3
7 References

E!+ Xe . Xe+ +2e 1. U . Fano and J-W . Cooper, Fev . Mud. Phys.

-J . D. Mathur and C.halri nathan. :tit M . ~ass
Spectrom . Ion Proc .',7*h 4

3. . Rapp and F . no,.arnlr--J.. .. hnt

143 1'464 (196h,

I~~ .. R * I . I * I * I I. . Haense i, K ei Te i. :A.r-lter ar1, -

0 20 40 60 80 100 120 140
Kunz, Phys . Fey.!

rLECTRON ENERGY (eV)
FIG.l: Cross section for single ionization of Xe.
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SINGLE ELECTRON IMPACT IONIZATION CROSS SECTIONS

FOR GROUNDSTATE AND METASTABLE AR
2
+IONS e

B.A. Huber, J.P.erta and K. Wiesemann r ,,*k

Institut fir Experimentalphysik AG It, Ruhr-Universitdt

D-4630 Bochum, West Germany

Partial electron impact ionization cross sections emitted by the source At Eel=100 eV, the curve was nor-

f gr the praluctin trf mtastable Multiply charged io . malized to cross section values from Stephan et al.

are of general interest on] the one hand for an evalua- The agreement with experimental values of other work-

tion o' metastable fractions in the primary beam of ion ers
3
''

5 
over the whole energy range is quite good.

collisio.n esperiments on the other hand for modelling t AIR-

detailed ionization and excitation balances in hot plas- 
.

Ti II n.)w n, general method for a direct access to

th-ecross sect ions wan available. In the case of meta- 4-

stable states of neutrals or singly charged ions, the ', -. - 'N.-

difference in potential secondary electron emission from a .

surfaces was used in order to detect metastables 
6
. How- " -

ever, this method does not allow a separation of differ- i/p.'N
ent excited metastable states and fails in general if

the p',tential energy of the ground state species does orfjr Ar'"- 3

not differ appreciably from that of the metastable. This ..

is the .nral case for multiply charged ions and meta- I
stab .es with Small excitation energy. 40 50 60 0 w . . .0

* A means of distinguishing different excited states

of the primary ions is the high resolution single and FIGURE 2 Apparent cross sections for the production of

double translational spectrometry of secondary ions pro- specific Ar
2
* ion states

duced in electron capture reactions
1
- We have used this iL. 2 shows sore prliminary results for partial

cross sections describing the production of Ar
2  

in the - .'
3
p, 1D2. ISo. 5D and 

3
F° states near threshold. The 

3
p,

S12 D2 and ISO states were identified by electron capture .

reactions in a He target, while for the higher metastables

o5D04 and 3FO an Ar target was used. The various crossp 1 sections show a strong decrease near threshold and in

* C~* Ar t"Ar * some cases an additional structure at electron energies

where higher excited states of Ar
2 + 

become accessible.

a Stephan et 01 3 For comparison we present the curve labeled 'met'
'010 0 Schrom 6. . .

• a Som obtained byW inter et al.6 by the potential emission

*Nagy et byeal. b h eiso1 • present result method. This method seems to be mainly sensitive to the

'0
r  

J high lying 5D° and 3FO states and - to a smaller extend
44

to the low lying ISo state.

0 100 00 300 40 5W 60"
E, 10Vl References

I. Huber B.A., Kahlert Hi., Wiesemann K., J. Phys.

FIGURE 2 Cr,,ss section for double ionizati,,n of Ar bv B 17 (1984) 2883

singlt electron impact 2. Kahlert H.J.W iesemann K., Huber B.A., Annalen der F "
Physik (Leipzig) 11985), in print 7 - - . -

ident i' cat io n leihoique to, me-asure inetast ab l, s produced hsk(epi)195,nprt

3. Stephan K.. Helm H. and Mirk T.D. , Abstracts of Contr. -. •
in a small ,lcctrn beam ion sour o . , where tt ionizing, Papers, XI. ICPEAC Kyoto (1979) p. 200 - ..- -

elvctr,,ns had an energetic halfwidth .of less than 6OnmeV 4. Schram B.L., Physica 32 (1966) 197

and the lectrn impact energy Ee could b., varied be- 5. Nagy P. , Skutlartz A., Schmidt V., J. Phys. B 13,

tween ionization threshold and 700 eV. (1980) 1249

The total ionization cross section for Ar
2  

given 6, Winter H., Varga P., Abstracts of Contr. Papers, XI.
ICPEAC Kvoto (179) p. 204

in Fig. I was obtained from the total Ar
2 + 

current
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CALCULATION OF NYOBOGENIC IOBMfACTORS t.f5*

Siegfied ?-tzke arid John I. Broad

F fakultat fur Pnysik. Universitat Bielefeld, PRO. F..%'..

Fakultat fir Chemie. lliversitat Bielefeld, F.R.G.

INTRODUCTION From the definition of the Ilankel functinrs we sre

(alculato of cross section for processes such as that the Bessel function can be replaced by an ewpori
JA

iIner shell ionization. multiphoton lonization, or tial multiplied by a finite sum. Inserting th i, into .. t

sinultaneous electron - photon encitat ,cr usu'ally , the integration can be easily carried out arid L

requires evaluation of matrLxelements of the form : gives :

.herIe i,. If> are hydrogenic states with: f oI - 1
- {

1) 1 -
m

fr I 'lliqL=O m=O

I.fi > C expl-xrl ) tFl~-.122r a lt I
x Y> ..l IFl 

1 2 1 2 . 2
o

r )  
aI (Ia p alI

p

Yl , ) 121 . r I ) [ z' I-) -- - ."
or p-0 l b I pI 

A

with x~h/n for bound states and x:ik For free states. 2 F I(aP.a2, b 2,z 2

These integrals have been considered by many authors

with
using either parabolic or opher ical cordinates:

t-1 *1 p A ' 1/n * k * q
however their formulae are difficult to compute as they -f''i)ntain either infinite Sul 3ilS a ' I .1-n b!U 21 r2 x

summations or differentiation a 1 I i n b, 2" 
- - -

wL t respec t tU some parameter . In a very recent a 2 I -I/k b2  
21r'2

z 2/n /A z. 2ik/A
paper, Belkic started from the integral representation

if the final state to achieve a result in terms of a

for irsmaller than -I .it is numerically pi nprrtress t o
I ini te sum; yet he presents no riunerical examples . B

expand the Bessel functinn in a power serio : II~iritj

We, use a multipole expansion for the exponential, For

this expansion, the integration is straightfotward"

each multipole order, the result is a polynomial.

The total cross section for electron impact ionization RESULTS

is obtained by integrating the absolute square (f Eq.(I) we will present converged triple differetial ciost '- '

iver the angles of the projectile and ejected electrons tions for the ionization of the lowest few hydro..rir.

as well as over the energy distributed b.tw.en them: states. In addition. numerically integrated total nirs

sections will be given for impact energies high enough

*1 qmax for the Born approximation to be valid.

o tot dlcos9) J q
2 

d I d Q(g) kf/k, If(fk )l
2 

1)

Tweed. Ri.: .Phys. B 5; 820 11972)
2
Kocbach,L_ : 3. Phys. Bil13; 2269 119161

DERIVATION OF THE FORMULAE 
3
lrautmann.D., Baur.G.- Rosel.F.

we start from the multipole expansion . The angular J. Phys. B 16; 3005 (1981

integration can be performed easily 6 The remaining BelklCU. : J. Phys. B 1I; 3629 11984 1

radial integral is of the following form: 
5

Blansden. B.H., Joachain, C.). Physlcs of Atoms

and Molecules; New York; Longman ; 1981 . - -

MHessiah.A. : Ouantum Mechanics Vol ; North Ihollaoi" %

2i
- I J dr r expl r/n )r Publishing Company; Amsterdam; 1981Si ? . . .. . .

1-0 AbramOwitz.H. Stegurn,I.A. : )Iardhuok of

F 1I-n 21 '2,2r/n I 14 Mathematical Functriosn; lover Publicatlons. In-

New York: 1910

IErdelyiA.: Hligher Transce,,dental functi ons;
If

gi(qil enp(-ikfr) r P FI (lf.lt I'.1 *2,ZikfrI Vol. I;Nw York; McGraw-Hill Book fompany.ln, 1951 ,'" .. "
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IMPORTANCE OF HIGHER-ORDER EFFECTS IN LARGE-ANGLE COPLANAR SYMMETRIC (e,2e) PROCESSES

K.S. Baliyan and M.K. Srivastava

Department of Physics, University of Roork..e, Roorkee 247667, IndiaPk
Toe triple differential cross sections (TDCS) mea- second-order term f G1in the Glauber scattering amplitu-

surej in (e,2e) experiments provide thle most sensitive de f G is replaced by'the second-order Born term f B2* The .

Froce i.~r any model of singjle ionization by electron MG scattering amplitude is given by

impact. In the case o-: coplanar .. ymetric Lhrhardt-tyipe f MG f G+ f fB2 -f

gjeometry the crucial importarce of second order effects, The authors 
4 

have recently used this approximation
in ccuntnqfor all th anfeatures of the TDCS ma

in acooningtne uir.mea to analyse the coplanar asymmetric data of Lehmann

surements, is well known. In the coplanar symmetric 5ia o h oiaino yrgn infcn

kinematical arrangement with e-450,which is popular enhancement in the size of the recoil peak over that

in (c,20~ spectroscopic studies, theories which are predicted by the second-Born and eikonal-Born series

essertially first order in character lead to reasonable aprxmtos sobevd atilryiniutos

results . However, for large 9 it has been recently shown where the momentum transfer K is not too small.

C:brn ta
1  

2

Bor:. term of the scattering amplitude becomes as impor- atmchdoe afPchteal ta thsen-rerWsalcnierTC frteinitonf

tant -,~ usc even more important than the first-order d
3

o a b i2(2
d.: d' dE k MG

B orn term, a 'b b o

*. present paper is aimed at showing that not only The amplitude f,. in Eq.Ill is evaluated by following

trie ecori-order effects but the contribution from still thle method of Roy et al 
6
. The amplitude f at large B 9

B2 1

::i-y:.r-urder terms (n .2) are also quite important for is estimated by using the method of Byron et al . The

lar' e . . Tine calculation of higher-order terms is extre- procedure for evaluating f is given in Ref. 4.
G2

mely lifficult. However, a workable procelure which has Figure 1 shows our MG results along with those

cein c--ed in the recent years with reasonabl~e success obtained in the first Born CR1) and the second Born

i-. the moified iau~ (MG) approximation .Here the (B2) approximations at E = 500 eV. The second-order

acmr -ontribution has been estimated throughout by - -

4X16' sim; the large energy and large B estimate given

Ir- Hby Byron et al .The three results differ significantly

16 trum nue another for @ 90o. The dip in the B2

E0  50eVresalt- at t4 105o depicts the interference cancella-

Ea- E-. cetween the first Born and the second Born ampli-

T. Aes. T~ie MG results clearly show the dominant contri-211W

i t icc: of _ ie higiner-order terms for large 9.

1 W. B' brof, ;r . , .J. .ioachain and B. Piraux,

MG J . P',s. P 16, L769)(1983).

82 -- ,1it, R...weed, J. Peresse, C.J..loachain,
W1u Nasi- and F.W.Byron Jr., J. Phys. B16.

7. hys. B4, 3203 (1976)

4.a and4 M.K.Srivastava,to be published.

cI.; .Mc.-arthy,A.T. Stelbovics and

.'xe 169 i yc. Puy. A 3c, 758119R4)..

lL a t n Pr l ihys. Rev. A23,

1610-

e (deq.)

%1 2.. -.
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TRIPLY DIFFERENTIAL CROSS SECTIONS FOR THE H(e,2e)H PROCESS

A.C. Roy*

School of Physical Sciences, The Flinders University of South Australia,
Bedford Park, South Australia 5042

In a previous communication', we reported an aPresent first Born approximation.

analytical expression for an approximate eikonal bpresent Glauber approximation. -

amplitude for electron-impact ionization of hydrogen. cPresent Glauber approximation with exchange. -

The purpose of this work is to calculate triply dReference 4.

differential cross sections (TDCS) for the H(e,2e)1"
4process using that expression and to compare them with and experiment at an incident energy E 250eV, the

the results of other calculations and experiment, ejected electron energy E, = 10eV and the scattering

We have considered the case of coplanar asymmetric angle '1 = . The measurements are, however, relative

geometry, i.e. the energy of the ejected electron is and have been put on an absolute scale by normalizing

small compared to the energy of the scattered electron, the binary peak data at the angle of ejection 9, = 70
°
.

The direct amplitude for the present reaction has been E = 250eV, E, = 10eV and -1 = 5 to the second Born .'*t2
calculated in the Glauber approximation (GA) using calculations of Byron, Joachain and Piraux . An

3
the method of Roy et al. which reduces the five- examination of the cross section values presented in

dimensional Glauber amplitude for the H(e,2e)H* Table I shows that the magnitudes of TDCS obtained in

process to the two-dimensional form. the GA seem to be better than the corresponding FBA

Table 1 shows the present Glauber results along values and are in reasonably good agreement with

with the first Born approximation (FBA) results experiment. In addition, we find that the effect of

exchange is not appreciable in the present case of
TABLE 1. Coplanar triply differential cross sections, asymmetric geometry.
d

3
o/dKld 2 dE2 , in atomic units for electron-impact

The author would like to thank Professor Ian E.ionization of atomic hydrogen for the incident energy
I = 250eV, the ejected electron energy E. = 10eV and McCarthy 'or many useful discussions. Financial

the scattering angle 01 S*
.  support fur this work .as provided by the Australian

Research Grants Scheme.

a2 a b d References

(deg) FBA GA GAE Experiment Permanent address: Department of Physics,

University of Kalyani, Kalyani 741235, West Bengal,
-10 0.73 0.49 0.48 India.
30 2.19 1.74 1.70

I. A.C. Roy and N.C. Sil, in Abstracts of the Xli"
50 3.66 3.12 3.07 2.44

rnternational Conference on t.-e Phusics of Electronic
3.45 2.91 2.87 2.70

and Atomic Collisions, Berlin, 1983, edited by
-90 1.83 1.42 1.40 2.38

J. Eichler, Wi. Fritsch, I.. Hertel, N. Stolterfoht
-110 0.54 0.34 0.34 0.99

and U. Wille (ICPEAC, Berlin, 1983-, p.164.
-130 0.094 0.042 0.041 2. See, for example, E. Geriuoy and B.K. rhomas. Rep.
-150 0.094 0.12 0.12 Prog. Phys. 37, 1343 (19

7
4 .

-10 0.20 0.28 0.27
3. A.C. Roy, \.K. Das and N.C. Sil, Ph.s. Rev. A 23,

10 0.13 0.059 0.057 1662 (1981).

30 0.078 0.091 0.091 4. B. Lohmann, I.E. cCarthy, .. Stelbovjis and

3 0.18 0.25 0.24 0.43 E. Weigold, PhYs. Rev. A 3(, "38 [1984).

-O 0.27 0.37 0.37 0.22 5. See, Reference 4.

90 0.33 0.43 0.42 0.71

110 0.35 0.43 0.42 0.94

130 0.3S 0.43 0.42

10 0.35 0.43 0.42

,70 0.28 0.39 0.38
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. --. ° °-.%"•

-, - - Ai.4.S...~A...... ........ ...- *



172 W35 AM

NEAR-THR.SHOLD (e , e) E,ASURE.ENTS IN THE

(EQUATCRIAL PLANE USING A ;,W APPARATUS .

T 3 Jones, S Cvejano'ic, G C Kin., F H Read

Physics IDepartment, "anchester University, "anhester Y!13 9?L, UK
*lflstitut za Fizaku. P 0 Box 3,7, 11001 Beograd, Yucoslavia

Many quantum mechanical treatments
1

,
2

,
3 ' 4  have ionization. It is capable of performing coplanar or t

followed in the wake of Wannier's 5 incisive classical non-coplanar experiments with symmetric or asymetric

description of ionization events close to threshold, kinematics. Two coplanar analysers rotate on concentric

Their predictions vary with regard to the distributions circular tracks. The gun is carried on an arm along an

in angle and energy of the scattered and ejected arc in a perpendicular plane. The axis of rotation lies

electrons. (e,2e) coincidence experiments, with their in the plane of the analysers. In a coplanar

total determination of the reaction kinematics, provide a arrangement the analysers each have an angular range of

stringent test of these predictions. However, there have +1450 to -180*. For non-coplanar geometries, the

been only a limited number of experiments performed close analysers are interchangeable and the invariance of the

to threshold. coincidence signal may be checked. The analysers have a

cvejanovi6 and Read 6  
used a coincidence minimum separation angle of 3*10, and may be moved back

time-of-flight technique to measure the energy and forth under automatic control for normalisation

distribution and angular correlation functions of the two purposes. The experiment also features a minicomputer

outgoing electrons. The energy distribution function was system based on a DEC PDP 11/23 with IEEE 583 (CAC) .. -

found to be uniform from 0.2 to o.sev above threshold, and IEEE 488 (GPr,) interfaces. The computer is able

The width of the angular correlation function, (although not only to handle the data acquisition, but also to

measured at only two angles), increased in a manner monitor various experimental parameters, such as the gas

consistent with an E' dependence. This preliminary work pressure and electron currents around the
was extended by Pichou et al 7 

who measured the energy and electron-optical system. Thus by having selected

angular distributions close to threshold in a coplanar, potentials under computer control, the spectrometer may
non-coincidence experiment. Fournier-Lagarde et ale have be periodically retuned using optimization routines, and

recently measured differential cross sections for the the long term stability improved. The system is 7 " - 7
ionization of helium down to 1eV above threshold using a interfaced in a manner that makes it possible to return
coplanar geometry in an (e,2e) coincidence experiment, the spectrometer to manual operation at any time.

This work neatly complements the experiments of Ehrhardt The results to be presented will include

et a1 9 and Schubert et a11 0
Who had previously measured measurements of differential cross sections in the

such cross sections down to a lower limit of 6eV above equatorial plane for helium, giving information in the

threshold. form of the dependence on e12 and on the way in which

The differential cross section may be expressed ass 91. varies with E.

*do
(E- • " - - "- i

dn- (EE0e2dle 2 p2 ) - References

( 222 E.127 1. A R P Rau, Phys Rev A 4, 207 (1971)
2. A R P Rau, J Phys B:Atom Nolec Phys 9. L283 (1976)

where fo and fl are the singlet and triplet scattering 3. R Klar, W Schlecht, J Phys B:Atom Molec Phys 9, 1699

amplitudes respectively. 91. is the width of the angular (1976) ]

correlation function given by 012 - S50(E(eV))14 4. A Temkin, J Phys B:Atom Molec Phys 7, 1450 (1974)

and 012 Is the angle between the two electrons given by 5. G R Wannier, Phys Rev 90, 817 (1953) -

e12 - cos-(cosOlcose 2+snelsin2 cos( 1l-2)). 6. S Cvejanovi, F H Read, J Phys B:Atom Mulec Phys 14, ,tk 4
When a non-coplanar scattering geometry is adopted 1841 (1974)

7. F Pichou, A Ffuetz, G Joyez, N Landau, J Phys BTAtom
with 91-02".9", then 0 1 2 -0 1 -02 and the singlet and

Molec Phys l, 3683 (1978)
triplet scattering amplitudes are constant. Under these 8. p Pournier-Lagarde, J Mazeau, A Huetz, 3 Phys B:tom

circumstances, the differential cross section varies only Molec Phys 17, L591 (1984)

with the relative azimuthal angle. This may be 9. K Ehrhardt, K H Hesselbacher, K Jung, K Willmann,

practically realised in an experiment where the two J Pbys B:Aton Molec Phys 5, 1559 (1972)

analysers rotate in the plane at 90- to the incident 10. E Schubert, K Jung, fH Ehrhardt, J Phys B:Atom Molec
Phys 14, 3267 (19 1)

beam, which may be termed the *equatorial plane.

A new (e,2e) coincidence apparatus has been designed

for such experiments close to the threshold of - .

o- . .•:-':"": Y:: ::::!:.:):" ::::::: :: -:::,:::!:)::::::::: .::: "i : ::!:i::::?. .! :::! :Y : )::* : ... ::! : .:
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TIIE NONCOPLANAR SltlETRlC (c, 2e' RLACT ION J\ I1 IIALEC1 ORB ITAIS 01 \LNON

J.P.D. Cook*, I.E. NkcCarthy, J.D. MitroY tnd F. ecigold

The Flinders University of South Australia, South Australia 5042, Australia
* Advanced Technology Laboratory, Bell Northern, Ottawa, Ontario, Canada

* Accurate noncoplanar symmetric (e,2e) measurements
*have been made on xenon at E = 1000eV' and =4.;', and I j

1200eV' and 460. Valence separation energy spectra 10Xe 5s
have been obtained at 12006V over the azimuthal angular ElOee~
range ' 30o. The Ss satellite structure waa C3 - WDFstudied in detail as a function of the recoil momentum --OWHF

0p from ).3 to 1.5 au. The relative intensities of the Zz---PWHF x 0.8
d!ifferent satellites. remnain constant within experimental

error, c:onfirming their assignment to the s- I hol
*state. TPhe Pole strengths obtained at 1)1ieV and

I, o. I a.u. )and z S' p 0.6) agree within --

expvrimen ta error with the I 200eV data. Table I

:acmpmares the dati with a large CIII' calculation%

and i ,ilcjilat ion b-c Hansen and Persson .The pole

*strencth of the lowe~t State in t e 5s manifold is

iificantl Is .erest incted in the nanv body - - 10 20 30-
allculAt I ems. (P (deg)

* - i ures I an,, 2 show nioncoplanar symmetric angular
fl ig. 2. *The 3sangular correlation.* .merlci i n masuredl at li)O0eV and =130 for Spn and

tr~i-ci~Ots cmpard wth he lane an ditored- shane at low, momentum, where the cross section is large.
it overestimate, the ,s cross section,. making noic spalse airox imat ions usi ig both DF and [if
illowancc for absorntion in the electron waves.

Im ;ie n the calculations. I. I

The normalized 3S pole strenigths for l'0'0IeX and 45,;*

VXe 5p- ;6)l Dlominant henry

C, 1Ji kutguirit i on p 0~.1 a.u.f.r of00ve4 ion state rsentRf.

PWHs 0.8 0.30 1 a01 .48 01

* 2i. o-1

0

I'! Sd

C .) 1 3. 01I P1 0. ''IS

0 to 20 30 -

S(deg)13I.2

*i14. I Ih -l ingular correiation.

hte da ta havec been normilIi me-. t o t he, -i m. ir17 Tm 11,

'I ross, sect i on us ing 4 I wa lv -fun -t :on

f1gu re, show t ha t the 1)15 I g ive. :in e x,: c I tnI

iesc r ipt ion o f t he relIat i e S s cro ss se's't ion- ..n.' i' Ii. n i'! 'Cs~,I'i Ph '' -'o

thel. i *hapes. 'he PiiI I gives ai good de scrip1 ~r of the C
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POST COLLISION INTERACTION AND THE AUGER LINESHAPE

A. Russek and W. Mehlhorn+

Physics+Department, The University of Connecticut, Storrs, Connecticut 06268 USA

Fakult~t fUr Physik, Universitht Freiburg, D-7800 Freiburg, FRG

The effect of a slowly receding photoelectron on where vl(r) and v (r) are the respective velocities of ..-.

the shape and location of an Auger line has been inves- the photoelectron and the Auger electron:

tigated for Auger transitions following photoionization v1 = [2(E 1 + 1/r (2a)of an inner shell electron. The theory of Niehaus and v A = 12(E A + 2/r)]
I / 2 ,  

(2b) i-

Morgenstern 
1
,
2 

is reformulated and extended to take into vA=~ A

account the time it takes for the fast Auger electron to and R1 and R are the shell radii from which the elec-

overtake the slow electron.
3  

Because of this, much smal- trons originate. With S so determined, the Auger line

ler shifts are found in the energies of the Auger peaks shape is given by

due to post collision interaction than those predicted P(E) = la(E) 1
2  

(3a)

by Niehaus. 2 The extended theory can easily be general- with _ -

ized to treat inner shell vacancies caused by electron 1/2

impact ionization near threshold, in which case the ef- a(E) = (f/2)/ JOexp(U(t)) dt, (3b)

fect on the Auger line is caused by two slowly receding Ct

electrons. Two assumptions are made in this approach: U(t) ) ({+ i(E - S(t')) dt'. (3c)

I. The electron in the vicinity of an ion with an inner 
. .

shell vacancy will not disturb the Auger process itself. It is possible to show that the distribution described

At the "surface" of the ion, the Auger electron will be by Eqs. (3) is normalized for any S(t') and reduces ex-

emitted with the same mean lifetime and Lorentzian dis- actly to the undistorted Lorentzian line shape when
SWt) = 0. It is also possible to show that for all

tribution of kinetic energies with or without the pres-

ence of a nearby photoelectron. This assumption merely practical purposes, S-1O as El-EA. and is equal to zero .-- - '-,

holds that the electric field produced by the outgoing when ElZEA -  (Because the effective Z seen by each el-,.--".
ectron Is dlffprent, q does net become identically equal

photoelectron does not polarize the wavefunction of the

residual ion sufficiently to alter the Auger process. to zero for all t until EI>E A + 2/RA - I/R I . However,

2. The observed energy distribution of the Auger elec- the small range of t near t = 0 for which a nonzero

tron differs from the emitted spectrum solely because exists makes no significant contribution to P(E)

the two outgoing electrons exchange some energy if the For the much studied S 0 Auger transition in Ar at
ther electr photoelectron. Essentially, E = 201 eV, r = 130 meV, the shift in the Auger line ' "
Auger electron passes the poelcrn Esntay, A
when the fast Auger electron passes the slow photoelec- when the excess energy E1 = 125 eV is found to be only

when4 meV, rather than the 21 meV reported by Niehaus

tron, the latter suddenly loses the electrostatic scree- 4 rh a e m e dy.

ning that the former had provided. The consequent de-

crease in energy of the photoelectron is compensated by References

anicrae neeryofte ue4 1. R. Morgenstern, A. Niehaus and U. Thielman, J. Phys.
an increase in energy of the Auger electron. This in- B 10, 1039 (1977).

crease, denoted by S, is a function of the excess energy, 2. A. Niehaus, J. Phys. B 10, 1845 (1977).

F1 , of the photoelectron, the energy of the Auger elec- 4. F. N. Read, J. Phys. B 1, L207 (1977); F. H. Read

tron, F A and the time, t, that elapsed between the ejec- and . Comer, Coherence and Correlation in Atomic

tion of the photoelectron and the subsequent Auger pro- williams),ins P(Edted 243,by H. Kleinpoppen. and J. F.

cess that fills the inner shell vacancy. In a classical

picture of the Auger electron-photoelectron interaction

(convenient, but not essential to the model), S = I/R x , W '"I
. where R is the radius at which the Auger electron over-

x
- takes the photoelectron. Writing Rx = 1/S and denoting

the time of overtaking bv Tx , S is determined bv equat-

ing the two alternative calculations of Tx:

T / dr ri/S dr
T 1  dr - t vA (1)

x Rll Vl 1 RA V A' """" ";

.. ... . . ..

... •.. .... " - •'.'-% . ... " """

-. =d.e.... - - =- ~ .7, -
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POST-COLLISION INTERACTION ( " N INNE-SHJLL IONIZATIoN

OF ARGON K AND ARGON L AUGER SPE'CTRA

D. Graf, and W. flink

Physikalisches Institut der Universita t, D-8700 Wurzburg, W.-Germans,,

We study the PCI effect on Auger electrons follow- comparable natural line width but diffe-rent ionization ......

-,.,: inner-hell electron impact ionization 1. Here we energies,. Assuming an un versal function &(r,El ) for ~-
:'ZOSent measuremients on the energy shift of the 2.66 the energy shift indept-nd nrt or a part icul i innerl--shll

keY Ar KLL( 04D, Auger line down to an excess energy of vacancy, the shifts on both Auger Ines for high -I arc

about 0.3% of the K-ionization threshold (3.2keV). almost the same. The resulting change in the energy

Furthermore we report about a new experiment to difterence A between the Ar L and Kr M Auger lines is

Im nysm e xV frh ,adi ob xrce a, -. '-

nk (1W smal Idi fference- between two nearly equal & ftl52. l8vV!

diagram line in reference to a neighboured satellite 1

line with an order of magnitude smaller rand A fleV,

U.. thus reducing the- experimental errors considerably. in

Fig. ' part of the Ar L M M, Auger spectrum is shown
23 1 23

as~~~~~~~ ~ ~ ~ alInet h w aelielnsLM(D)M

2 2 2121 3 213
P) and ( D) are as predicted much narrower than the

diagram lines. First results are shown in Fig. 2 ( e

&E=!5meV) in comparison with other experiments ( o expl

10 100 1000 caexp 3, all AE..±2OmeV, plotted relative to our data).

EXCESS ENRGY ElleVAs the experiment is still in progress we wanttoepa

Fig I CIshit6 of Ar KLL( 03as function of E size at this time the inherently higher accuracy of our

oxporimental procedure anl the consistancy of our data,

The measured PCI shifts r of the Ar KLL( D2 Auger but we expect our proce-dure to allow for anl improvement

*peak at various excess energies e. I from 2.8keV down to in testing theory.

lOeV are, shown in Fig. I. Calibration was done against

the Ar LMN Auger lines. The full curve represents the -
* 9 4>

- theory of strongly correlated electrons which approaches ,

a straight line in the log6 -log EFI plot for E 1l5eV 1lOO

(broken line: 6=f-E0. with r(Ar KLL( D,))=0.Q3eV).

The theoretical value at E1 -. 8e is added to all 8

the shifts 6 in the small excess enery regon. In this

region the theory is in good agreement with the data. 40.

For largo excess energcies theoretical pr dictions 27777

* diffe'r, depending on what kind of energy distributiin 0

* is assumed for the scattered and emit ted electron and 0e 9.
* how the motion of the outgoing ele ctrons is included -

until the- Auger electron overtakes one, or bot h ot them. 102 101 E /eV 101

Se&veral measurements done so far2 sho1w cons istent 1*1i PCI 'hit C L'£ 1. :11:1 r1;W
2results in the low excess-energy region but hav, rath Ii -;or 1i :!t : x 0

* large uncertainties relative to the PCI shift it.., Ir

for high E. This depends on) tlie exp,,rimenital pr.- 75.i

dure: In the case of Ar L ,one measures, t 1,,rntezg P, .W. I ii., AJ X C .' .i il-j 4)2

difference between the Ar L N N D~,) Auger, lin, ji!i2 ~lsrWNhJosA1s A o' (I r4 ---
7 ~~1 3 23 23 --

- ~reference to Kr N N N IS 3.Both Au.:'r Iit], hive K.#.hi.r n i.!: : I-
5 21 23 0

41:-*
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PCI EFFECTS IN (e,e' Auger) AND (e,2e) CROSS SECTIONS: Ar 2p

G. Stefani, L. Avaldi

Istituto di Metodologie Avanzate Inorganiche del CNR

Area della Ricerca di Roma, C.P.10 00016 Monterotondo (Italy)

A. Lahmam-Bennani, A. Duguet

Laboratoire des Collisions Atomiques et Moleculaires (LA 281) 4 11 6
Universite Paris-Sud, Bat. 351, 91405 Orsay Cedex (France)

Introduction. Inner shell ionisation and the

following decay processes have been widely interpreted Auger distribution are not symmetric about the
in terms of first Born two-step theories (BIS2). direction of the momentum transferred in the collision

Experiments in which decay products were to be detected ( K

in coincidence with the scattered or the ejected By increasing the selected energy loss (60 eV above
electron have been proposed I They were thought to threshold), though the energy resolution is not good

give detailed informations on the generalized alignment enough to detect PCI energy shifts, disagreement

tensor of the ion . Coincidence experiments between between experiment at 1.50 scattering angle and B12S - -

scattered electron and Auger electron (e,e'Auger) were predictions is still found. By increasing the momentum
recentiv realised 

2
' 
, 3 MaJor findings have been the transfer ( 5.50 scattering angle ) even at 7 eV above

inadequacy of the two-step model at energies near the threshold the agreement between B12S prediction and

ionisation threshold. Energy shift of the Auger lines experiment is fearly good. . T
LZi ,M-. 1 0  and 12M4 iM2 3(30, 1,2 6 of Ar The (e,2e) angular distribution. To betterSo) anangular,3('P),1

hcve been observed and abscribed to post collisional investigate the Ar 2p decay, both Auger and ejected
interactions (FCI,. The present work will report on electrons should be measured in coincidence with the
such an experiment on Ar and on the related (e,2e) scattered electron. Coincidence experiments of this
experiments scattered-ejected electron coincidences) latter type are very difficult because of the very

' which lead to the Ar 2p
-
' ) state parent of the small cross-section. Nevertheless (e,e' Auger) angular

studied Auger transition. Both re.2e) and coincident correlations and (e,2e) experiments, whose final state

Auger experiments have been performed with an incident is identical to the initial state of the Auger
energy of 8.2 KeV and upon identical kinematic transition, should provide mutually complementary

- conditions, infor-ation on the ionization process.
The (ee' Auger) energy spectrum. The full LMt The measured (e,2e) angular correlation shows a

. Auger spectrum has been measured in coincidence with significant departure from symmetry around direction of

scattered electrons at 1.50 scattering angle and for a K for the kinematic characterized by the lower values
- selected energy loss of 7+6 eV above the ionisation of energy loss and momentum transfer. For values of the

threshold. It resulted consistently shifted by momentum transfer which exceed I a.u. both lobes of the

J.I+0.07 eV toward higher energies with respect to the )e,2e) cross-section are fearly symmetric around the 0 _J

non coincident one which was measured contemporarely. momentum transfer direction. It is worth noting that
- This result is in agreement with the previous the (e,2e) cross-section for He, as measured at 1.50

observations 5,6 The origin for this shift is scattering angle and 7eV ejected electron energy, does

| attributed to PCI because no shift is observed in the not show the asymmetry around K that was evident for
*-." ;oincident Auger spectrum measured at the same the Ar2p ionization upon identical kinematic. Departure

"*" scattering angle and at energy losses well above of the Ar (e,e' Auger) and (e,2e) angular correlations
threshold , about 60 e V ). Furtherlythe coincident from symmetry around the K direction, could be
spectrum evidentiates a satellite structure in the abscribed to PCI. Further investigations along this

region from 04 to -05 eV which is present only in the line are under development.

spectrum taken at the lower energy loss. Clearly, none
. of the mentioned effect could be explained by two-step Work partially supported by an Italy-France

" theories, cooperative program.
The reP' Auger) angular distribution. The

coincident angulir distribution of the LM M2 I ) I) E.G.Berezhko, N.M.Kabachnik & V.V.Sizov;
23 .3 2 , 3 )1s 0transition has been measured in both halves of the J.Phys.B 11, 1819 (1978)

scattering plane, for two fixed scattering angles ( 1.50 2) E.C.Sewell & A.Crowe; J.Phys.B 15,L357 (1982)
and 5.

.
A ) and for two lifferent energy losses ) 76 3) M.Volkel & W.Sandner; XIII ICPEAC,(I1983)Abstract of r-

and 0b.6 eV above the Ar 2p I.P. ). The chosen contributed papers p.142

kinematics ensure negligible contribution of the 4) A.Lahmam-Bennanl, G.Stefani, A.Duguet; Lecture
indistinguishable direct (e, 2e) cross-section The Notes in Chemistry 35, 191 (1q84)
present result is in disagreement with B12S 5) W.Sandner & M.Volkel; J.Phys.F 17,L597 (1984)
predictions. Indeed, both the measured lobes of the 6) E.C.Sewell & A.Crowe; J.Phys.B 17,L547 (1984)

. . . .. . .".

- .*.-.*%" .%" . * ... . t . .. . . .. .... • , .-
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* THE SEMICLASSICAL APPROXIMATION FOR (e,2e) IMPULSIVE REACTIONS: MATHEMATICAL
B3ACKGROUND

YuA.V. POp)OV

Institute of Nuclear Physics, Moscow State University, Moscon 119899, USER

L. Avaldi, R. Camilloni, J. Stefani . .

I.M.A.I. CNR, Area della Ricerca di Roma, 00016, Nlonterotondo scala, Italy

The paper is devoted to the mathematical The eikonal /in (1) has the rig~ht

background of the plane n~ave semicl assical appro- Coulomb asymptotics, and ani amplitude A should be

ximation ( PWSC) proposed earlier for the explana- calculated along the classical paths of electrons in

tion of some features in a trip~le differential cross the external Coulomb field and produces the cross

section of an impulsive (e,2e) -experiment '. The Section

main idea of PWSC-model is to devide each poten.-

tial add60!) g ~ ~ i

* by external and inner pa-rts introducing the Suitable JQW 2 LE Q '. PWA

cut Oftf For ralther big enerpaies of electrons one

should expac the ale 2 to be close to a ra-

cius; of tire orbital ioniized. Leaiving_ the Coulomb Here Cm Jtff I. LL .[~ - 1A~~~ 5

t,,ils of potentials in the free Hamiltonian Hc one
0

c,,n reduce the E chrodingor equation to the F'addeev2
aind the values of ang0le shifts A19i are aivel, in,

et of equiitiori for channel n~ave functions 3 . ucce-

sive iterations of these equations give us the follo%%-flJ '-I2,diI
r ni formail expression for a three body wave fancti- - ~ L___

on: 42-W~ J~F2 ~iP)j

_#(fl 7'E):14 '> The ratio 6- e /6th or abgmsi

of He data is presented on Fi. 6 i

*Here given in the absolute scalq,

T1 W)~ 2 u j~ 00 OS'

LO I" e c 600 ev

A* 10 1*oe %±-~
V V 2500eV

.fl8

Oki 6 N3.)

Reterence-

If el 2jZ a Iandl pi ~ (E 1  1. 'Y u.V 1101)0%o, J.J. liii1O111 yoiZ. lO,.[tl(18)

aire energies of final electron&) then one supjjosr( .2. ) L. V. 'I'O,v .< irk~,Il~.Lt.'7

the model PWSC to be valid for ?1 2~ > ko (198-3) 280.

I~3. S.P. Nlrkurie%, I 'reprinit VI 11:111 P, .2/R'', It i I.

I. Wol. MilerAl W i. i,'y. 7 17

7L. dvdi, Nt.. _milo', .*I'u, ,-ttri-
V The kernal i .E)f P> can1 to I"! ,iihtlih'led.

be estimated by means of semiclassical consider.,-
45

lions or in terms of geometrical optics:

..A Of
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STUDIES ON ASYMMNETRY FOR ELASTIC SCATTERING OF SPIN-POLARISED ELECTRONS BY SPIN-POARISED HYDROGEN ATOMS

N.S. Rao

Physical Research Laboratory, Theoretical Physics Area, Navrangoura, Ahmedabad 380 009, India

In recent years theorists as well as experimenta- FIG -1 z=100 oV.

lists' have shown interest to study the angular ,istri- L% .

bution of asymetry in scattering of spin-polarised (0,0) j I I I ,

electrons by spin-volarised hydrogen atoms at inter-

mediate incident energy region. Few of the anolied A
theoretical models

I 
shows considerable deviations in

the asymmetry A(9I results especially at small angles.

A good comparison of the angular asymmetry is not only

important in theoretical and experimental points of
view but also useful to trace out better theories and
experiments in the study of "Atomic Physics". Motivated -0,1

to this and the encouragement of Born, Glauber eikonal

series approximations g gave me scope to improve the .

Born exchange results
I 

to study the spin exchange

effects for Is-Is transition of electron-hydrogen inter-

action. Towards this improvement, second Born exchange

amplitude is derived by incornorating Ochkur avoroxi-

* ~mations in Born approximation. The asymmetry A( O) I I I I I I
can be defined as -0.2 80 100 120 140 160

0 20 40 60 8 0 2 4 6
SC=TRzJIu AkNcMA

+q." 6(t ) (1) References

A(e) is calculated at incident energy E 4 300 eV. 1. M.R.C. McDowell et al., J. Phys. B: 17, 3951 (1984).

The second Born exchange amplitude is obtained in the 2. G.D. Fletcher et al., Phys. Rev. Lett. 48, 1671 .-

dosed form for other elastic process . The present

asymmetries are found to be in good agreement with the 3. N.S. Rao and H.S. Desai, Cu7-. Sci. 53, 1271 (1984). "

crmr41red theoretical' and experimental2 results. 4. N.S. Rao and II.S. Desai, Ind. J. of Pure and Appl.
Phys. 21, 159 (1983).

Present results at E = 100 eV are shown in figure 1. 5. N.S. Rao and H.S. Desai, Ind. J. of Pure and Appl.

As shown in the figure 1, the shape of the present Phys. (communicated) (1984).

curve is nearer to the share of adiabatic and optical 6. V.I. Ochkur, Zh. Eksp. Teor. Fiz. 45, 734 (1963).

model curves and better than the earlier Born results.

Finally I conclude that the present procedure is

simpler and better than the earlier
I 
Born exchange and

static exchange results. . ".

N.S.R. is thankful to Physical Research Laboratory,

Ahmedabad, India, for the award of a Post-Doctoral r $
Fellowship.
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ASYMMETRY IN INELASTIC SCATTERING OF SPIN POLARISED ELECTRON WITH
SPIN POLARISED HYDROGEN ATOM

Mini Kapoor, S. Saxena and K.C. Mathur % * 6%

Department of Physics, University of Roorkee,Roorkee 247667,India

The asymmetry parameter A in the scattering of spin 1.0- i,+

polarised electron with spin polarised target depends u'Is-2s %% ~
mainly on the exchange contribution to the scattering \E=S4-4eV '
process. it's measurement therefore provides a sensitive 0-e

test to the various theoretical methods of obtaining

the exchange scattering amplitude. -uw . '
* ~We report here the angular distribution of the 0.6 ~%..'
*asymmetry for the ls-2s transition in the scattering j CC,:.. x*.

of pinpoariedelectrons with spin plrsed hydrogen

atom using a two potential localised exchange approach. 0.4

The asymmetry parameter A is defined as/ '<

A 0(t.) +ott Sz '

where 0(1>.) and 0(tf) are the differential cross

sections for spin antiparallel and spin parallel sca- '

*ttering respectively. 0.0 /c:

To obtain these cross-sections , we use a two

potential approach. 0 30 60 90 120 150 1S0

The T matrix (including exchange)in the two poten- SCATTERING ANGLE e (dog)

tial approach for electron hydrogen inelastic scattering

is given (to the first order) by

T, TDO±1E FIG. I ~
with

T -;) I)Wlx
t(; )v.( 1  Figure 1: Asymmetry A in the lS-2S excitation of spino Xf r2)vf 1) i2 polarised hydrogen atom by spin polarised

ad T k(r )v( )Ilx+(r )v (r) electron of 54.4eV energy. .Present .
En T 2 f ilI 12 calculation using local exchange(curve .~ .

TPLE), ___ _:Presentccalculation usinj
The nteactin ptental = U+ NOchkur-Bonham exchange (curve TPOE):_ .

*The distorted waves n are the solutions of equation Calculation in the Born-approximation with
Ochkur-Bonham exchange (curve SOE):__

Ho 4.U _E0 ten-state close coupling calculation with
o n~ n nlocal exchange of Mc~owell et al(1984)

For the distorting potential Un we take the static (curve 10 CC.E) . ___Six-state close

plsplrstonoeta i h epciecanl coupling with exchange calculation of 7dmunds
plu poariatin ptenialin he espctie cannl.et .al

2
)193((curve 6 -CE):

To evaluate the exchange amplitude we use the local Three state close coupling calculation with
second order optical potential of Mc~owell

approximation, and also the Ockhur-Bonham approxima- et at (1984) (curve CCSOP).

tion.

The results for 54.4 eV energy are presented

along with the recent calculations of Mc~owell et al

Good agreement is noted between the present two poten-

tial localised exchange approximation calculation and

the ten state close coupling local exchange calculation.

Reference

1. UI.R.C.Mc~owell ,P.W.Edmonds,R.M.Potvl iege,
C.J.joachain,R.Shinqal and B.II.Bransden,%
J.Phys. 817, 3951 (1984).

2. P.W.Edinunds, M.R C.McDowell, and J.Vande Pee,
.J. Phys. 816 L453(I495)3 *iF*
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THE THREE-BODY INTERACTION WITH LONG-RANGE FORCES: SPIN-DEPENDENT

ELECTRON HYDROGEN COLLISIONS

A. Vasilakis, M.S. Lubell, K. Rubin, and F.C. Tang
Department of Physics, City College of CUNY, New York, NY 10031, USA

J. Slevin
Department of Physics, University of Stirling, Stirling FK94LA, Scotland

M. Eminyan ", ' w[
Universite Paris 7, 75221 Paris, France : ,

In order to investigate the properties of the three- magnet.' Since we do not effect any hyperfine state

body interaction with long range forces, we have selection, our low-field electronic polarization in the W
developed an experimental program to study collisions interaction region of the experiment is 0.5. The

*between electrons and hydrogen atoms. It Is well known hydrogen beam line contains a Stern-Gerlach device and a

that the three body problem cannot be solved exactly, quadrupole mass analyzer for polarimetry and

and in the case of electron-hydrogen scattering a dissociation measurements.

further complication is introduced by the symmetry In carrying out our experimental measurements we

properties that must be satisfied for a system containing determine the cross-section asymmetry for incident and

two identical fermions. Unlike its nuclear analog, target electron spins antiparallel and parallel. At the

proton-deuteron scattering, the electron-hydrogen present time we have begun data taking in the ionization

problem must contend with the infinite number of bound threshold region. We will report on these measurements

states that are supported by the Coulomb potential. as well as other ionization measurements.

Experience'- has shown that extensive, detailed Research supported by U.S. NSF, U.K. SERC, and NATO.

measurements are thus required to assist the development

of reliable, predictive calculational techniques. References

Our experiment utilizes spin-polarized beams to tag

the electrons, thereby permitting scattering amplitudes 1. G.D. Pletcher et al., Phys. Rev. Lett. 48, 1671
the lecron, threb pemittng caterin amlitdes(1982).

to be probed in a more fundamental manner than is

ordinarily possible. Our polarized electron source is 2. T.J. Gay et al., Phys. Rev. A 26, 3664 (1982).

based upon ohotoemission from GaAs
s  

and produces 3. G. Fletcher et al., Phys. Rev. A (April, 1984, in ,'"

currents up to approximately 0.6 uA with the use of 0.35 press).

mW of power from a GaAlAs diode laser operating at 787 4. J. Slevin et al., Phys. Rev. A 26, 1344 (1982).

nm. Based upon the maximum laser power of 1 mW at our 5. D Pierre at al•, Rev. Sc Instrum. 51, a-78

disposal we anticipate maximum source currents of at (1980).

least 1.5 uA. Although we have not yet measured the 6. J. Slevin and W. Stirling, Rev. Sci. Instrum. 52, "

polarization of the electrons, prior experience' suggests 1970 (1981).

avalue of approximately 3.. (We will measure the 7. V.W. Hughes et al., Phys. Rev. A 5, 195 (1972).

polarization In the near future by means of Mott

scattering.)

In order to allow us to observe narrow energy

structures in our experiment, we have incorporated a

hemispherical electron monochromator with an ultimate

designed full-width-ha1f-maximum energy resolution of 30

meV. For observation of the scattered electrons we have

constructed a matched hemispherical energy-loss

spectrometer which is adjustable over a range of 200 to

1050 in scattering angle. We have also included In our

apparatus a proton detector for ionization measurements

and a Lyman-alpha detector for 2P excitation, the latter

to be carried out as an electron-photon coincidence -

experiment. r

Our polarized hydrogen beam utilizes rf

dissociation4 and high-field state selection in a hexapole

• .• .•...
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SPIN-DEPENDENT ELECTRON SCATTERING PHASE SHIFTS IN ATOMIC HYDROGEN, ".°.

J F Williams

Department of Physics, University of Western Australia, Nedlands, WA, 6009

Differential elastic cross sections for atomic Singlet Triplet ..
hydrogen have been measured for the scattering of !:pt. Theory Expt. Theory

electrons of energies from 9.300 to 10.300 eV over the 0 0.911 0.886 1.630 i.f43

angular range 100 to 1500 with good (3 to 8 meV) energy 1 0.002 -0.004 0.4b8 0-428

resolution. Resonance structures associated with the 2 0.071 0.073 0.059 0.068

(2s2)'S (9.557 eV), 2s2p)
3
P (9.735 e%), (2p

2
)'D -

(10.129 eV) and possibly the(2s2p)'P (10.170 eV) have The theoretical values are obtained from variational

been observed. calculations by Schwartz for =0, by Armstead for

The effect of a resonance of width " on the and by Gailitis for =2.

differential cross section, I(E, ) as a function of The measured values of the nergy and widths of

energy E is given by the two lowest resonant states are consistent within

+ )
2  

experimental accuracy with previous data by McGowan etI( , ) = l (E,-) + I D(E, I). . .
-(E IE (I+ b al (1965) and Williams (1975)-

. 
The present work has

her e ,Z is the cross section at the reson.....better precision for all measured resonanes and for
esubsequent determination of the background phasans.

minimum, Ib(E,':-) is the amplitude of the resonance cross sbqn etmao fte..u as

section. The total phase 'k is equal to the back-

ground phase *kb plus the resonant phase k. where I. J.W. McGowan, E.M. Clarke and E.C. Curley, Pli.s.

kr cot-t(
--
) and = (E-Er)/0.5.. Since the Rev. Lett 15, 917 (1965)

resonance occurs in only one partial wave and kr 2. J.F. Williams in "Electron and Photon Interactions

varies by I rad. over the width 7, a measurement of the with Atoms" (ed. H. Kleinpoppen and M.R.C.

resonance profile at various scattering angles enables McDowell, Plenum Press) 309 (1976)

phase shifts to be determined. Absolute scattering

cross sections are then calculated.

This method is rigorous for resonances occurring -.=

below the first inelastic channel. Since resonances

occur in both the singlet and triplet partial waves, 4 -

which are non-coherent, the analysis permits the - -

determination of both the singlet and triplet phases;

that is spin-dependent data has been obtained without

the use of either source or detector of electron spin

polarization. The following table compares the

measured phases with the expected best theoretical

values for k - 0.800 a.u. (E 8 8.7 eV). X0,

A

. 1 W-.. .-. .".. . . . .

• . , ..-. . .

- . • .'

:~ ~~~~ ~~~.... ...-...-. :: .-.................... ... ................................. .===========. ::::::::::::::::.: ..
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scattering.
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was sPelcted and we measured A from 15 eV tF
PFFERENCES

-V , elast ic scattering and from 3 eV to ,0 eV ..-

Me ec1lta'r 1s f the 2p stat- The values of A show
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SPIN DEPENDENCE IN ELECTRON COLLISIONS hITH SOI)IUM

P.J.O. Teubner, J.L. Riley and M.J. Brunger

Institute for Atomic Studies, The Flinders University of South Australia,
Bedford Park, South Australia 5042, Australia

The excitation of the 3
2
P state in sodium has been the other linear component. P.. and the circular

studied in a series of electron photon coincidence component, P6. are zero if unpolarised electrons are

experiments at energies of 12.leV, 22.1eV, 54.4eV and used'.

100eV. The polarisation of the photons emitted both The in plane component P4 can be combined with the

normal to and in the scattering plane has been analysed out of plane component P1 to derive the spin flip cross

before the photons are detected in coincidence with the section which is defined in the natural coordinate frame

electrons which excited the state, of Htermann and Iterte I Nteasurements of P4 for

For radiation emitted normal to the scattering electrons scattered through 5' at incident energies of

plane, three components PI,P and P of the Stokes 22.1eV 54.4eV and 1006 show that the spin flip cross
-3 -ash a e f

vector can be defined. P1 and P, represent the linear section is zero. These results arc consistent with

c.,ponents of the polarisation and P3 the circular those obtained from the reduced polarisation

component. The total polarisation TP1 is given by measurements.

2 2 2,.P! = [PI . P  , P  I
1 References

It has been shown that the condition JP
= 
1 1. .C. Standa.e and W. Kleinpoppen, Phs.Rev.lett

implies coherence of the excitation process' and the 36, 577 (1976).

decay of the state. In the case of the V
2
P state of 2. N. Andersen, T. Andersen, J. Ostgaard Olsen and

sodium the significant fine and hyperfine structure E. Horsdal Pedersen, J.Phvs.B 13, 2421 (1980).
3. H.W. Hermann and 1.1'. Hertel, Comments .\t.Mol.P1hyS .-.-...- :

results in depolarisation of the decay radiation.

Thus P4l in this case which has confirmed our 12, 61 (1982).

measurements. The influence of the FS and HFS can be 4. K. Bartschat and K. Blum, :.Phs.l 304, 85 (1982).

accounted for by invokinF the Percival-Seaton hypothesis
2

and by factorising out the terms arising from the

structure of the excited state. This yields the .3.

reduced polarisation
3
, If, which is a measure of the - .. '

polarisation which would have arisen immediately after

the collision and before the excited state relaxes into

its HFS levels. Thus for this state in sodium the

condition for coherence is P .= .

In the excitation of doublet states, it can be

shown that PI = I applies only if exchange scattering

processes can be ignored
3
. Therefore the measurement

of 'P' can provide information on spin dependent

processes in this case even if unpolarised electrons

are used to excite the state.

A series of measurements has been carried out at

forward angles at the above energies and it is found

that 'P = I in each case. Thus we conclude that

exchange scattering can be ignored for the electron

impact excitation of the 3'P state at forward angles

at these energies. - "'
For radiation emitted in the scattering plane, a

linear component of the Stokes vector P4 can be defined.

44In this case P4 is given by

I1 -I
P4 = 1 1 .1.'"% '""" °°

• ° • - . -,° . . • ° . .t . . . . . "- °. . - . • ... . . . . . . .
" -T -° . -' = . - T -. -.- '- '- °- 

"
. .. . -L .- - -*.0' . r '- ' -. - - " , * =* - ° . . -t ' -u - - '- ' ' " '
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SCAfrERIN(; PARANMETERS FROM ELECTRON- POIARISEI) PHOTON COINCIDEN4CE LXPERIMENTS IN SODIUM

J.L. Riley and PiG.. Teubner

School of Physical Sciences, The Flinders Univorsity of South Australia

Bedford Park, South Australia 5042, Australia A

\n electron-photon coinciden,. technique has been rhe data is compared to the predictions of a Born

used to measure three components of the polarisation approximation, a distorted wave polarised orbital

of the phatons, emitted in the decay of the ;2P state approxi*%,ition', a 2-state close coupling approximation'

in sodium, at cairvou . incident energies. rhe and a 4-state close coupling approximation 7. The

oolarisatiin stait. of the photon was determined before data at 22. leE and 12.1eV will also be compared to that

being detected in delayed coincidence with the obtained by Hermann et alC from the laser excited atom

inclas'icallv scattered electron. An analysis using experiment. rhese experiments are the time reverse

the reducued Aegree of polarisation, shows that Of the prVsent experiments and so should provide the

this ex:tati )n icoherent at each incident energy sime information about the dynamics of the collision.

tested,! in,! hen-.1 aMC.i..urCMent Of the components

P and normail to the scattering plane provides References

,ill I f the informiti i nabout the collIision. I . ITO.. leubner, J... RileN , J.E. Furs* and

rL-. th-w.. ma..u-ment. both the parameters S. 1. uckmani, J.Phys.B in press .

.0-
.  

! t anT.oI.,ii .alut, of ,can he determined. .. I.Riley. P.JO. Teubner and MiJ. Brunger.

More, .i-e 2 n T~t~ an however be gained about Phys.ReN.A 31, Feb. (1985).

th ~.n fta Iai. represented in the 3. H.W. Hermann and I.V. He rt e,

na t ira I.o r,1injit r titi' ic rmann fi Ilrt e I In Conment s At .Mo I. Phys . 12, 6I (1982)

t h e',..tai.*. t, e-int i sat i on a xi1s i s chosen Comaents At.Mol.Phy Is. 12, 127' (1982).

t,1) :e'ArJI 1 1 t> the .iret i on of the em it ted photon, 4. P..T.O. Tei-d-ner. ... Riley and M.i. Brunger,

thait i. normal !.) Tht -pi~ei l inv. 1'his choice .l.Phys.B to be published.

of c. -rdinaite raoe It txr! 4reaiter 'Thyical insight S. .iA. Kennedy, V.P. Mverscoiigh and 'I.R.C. 'Ictiowell *

into the lenamic ,1 the -,; ..ion j, eLI I js .T. Phy s.l B, 1 > 19783.

mmi.i: . the unnecessar' accumulation Of h. 11.1. Moores, Private Communication.

experimental uncerta~nt iv'. 7. I.E. McCarthy, J.T. Mitroy and A.T. Stelbovics,

rhe celationships between the density matrix i.Phys. B in press.

elements in the natural frame and the polarisation S. H.. Hlermann, I.E. Hlertel, W. Reiland,

components for the 3' P state in sodlitim are: A. Stamatovic and W. Stoll, .t.Phys. B 10, 231 (1977). ____

1  -0.2819 Re m at -

P, -0.2819 I a

= nat nat,3 -0. 57 1 - 1

rhe matrix elemen t nit has been shown to 'alzeroS
00

olvr the kinematic region tested". The density

matrix elements . fltare therefore completely
mn

Jetermint~l by a measurement of the three polarisat ion

compontnT , PI P. and P_

'matai %ill lie presented at incident energies of

,4. lv
0
. 2'.Tle. and I12.1leV for scattering angles 1 1S*. -

Phe daiti is represented in terms of both the natural

coordinate fr~ime density matrix elements and also the

more commonlY used] scattering parameters Iand

In this case the errors accumulated in the natural

frame are significantly less than those in the

collision frame. Thus a more meaningful comparison

can be made with avai'ible theories.

.................................................*.. ... ... 04
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ELECTRON-ATOM COLLISION STUDIES USING OPTICALLY STATE SELECTED

BEAMS: SUPERELASTIC SCATTERING-

J. J. McClelland, M. H. Kelley, and R. J. Celotta

Radiation Physics Division
National Bureau of Standards
Gaithersburg, MD 20899

As part of an experimental program
1 

to study spin The electron detector is a channel electron

dependent effects
2
'
3 in low energy collisions between multiplier with retarding field analysis of the

electrons and atoms, we have measured angle resolved scattered electron's energy to distinquish between

spin asymmetries for superelastic scattering from the inelastically, elastically, and superelastically

Na 3P3.2 state, scattered electrons. The detector can he rotated

The apparatus consists of crossed beams of spin through the angular range -100* to +1600 and has an

polarized electrons and spin polarized atoms with an angular resolution of about ±2*. The apparatus is thus

energy selective detector for electrons scattered capable of very general studies of spin dependent

through some angle. A negative electron affinity GaAs differential scattering cross sections for elastic,

photocathode, illuminated with circularly polarized inelastic, and superelastic collisions.

light, is used as the source of spin polarized Our measurements to date have focused on spin

electrons. At the interaction volume, the electron dependent effects in superelastic scattering of _ -

beam has a diameter of 2mm with a divergence of ±20 and electrons from excited 3P3/2 sodium atoms in the

can be varied in energy from 2 to 40eV with a typical angular range 10'-30* at incident energies of 5 to

energy resolution of less than 15UmeV and a typical 2UeV.

current of luA. The atomic sodium beam, collimated to

-+lLmrad from an effusive source, has a diameter of 5mm

and a density of 10
9
-10

10
cm-

3
. The atoms are prepared *Work supported in part by U.S. Department of Energy,

by laser optical pumping via the 3SI/ 2 (F=2) to Office of Basic Energy Sciences, Division of Chemical

3P3 /2(F=3) transition. By locating the optical pumping Science.

upstream from the interaction volume, one produces

ground state atoms with a net electron spin References .,. *. .- .

polarization of 0.609 ± 0.018.4 With the laser I. M. H. Kelley, W. T. Rogers, R. J. Celotta, and

illuminating the interaction volume, one has S. R. Mielczarek, Phys. Rev. Lett. 51, 2191 (1983).

additionally a large population of excited atoms in an 2. J. Kessler, "Polarized Electrons", Springer-Verlag,

oriented 3P3/2 state with spin polarization near unity. (1976).

Collision studies of either ground state or first 3. G. F. Hanne, Phys. Reports, 95, 4b (1983).

excited state targets are therefore possible. 4. J. J. McClelland and M. H. Kelley, these

proceedings. r, W1

I%
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SPIN POLARIZATION AND ANGULAR DISTRIBUTION OF MNN AUGER ELECTRCNS FROM KRYPTON AND XENON

U. Hahn, J. Semke, J. Kessler, H. Merz

Physikalisches Institut der WWU Munster, Domagkstr. 75, D-440D MUnster

Auger emission can often be described in a 'two-step- The measurements were performed in a crossed-beam ar-

model": in the first step the atom is ionized in an rangement, the atoms emergig from a jet are ionised

inner shell; in the second step the excited ion decays by an electron beam of an rotatable electron gun. The

emitting the Auger electron. Auger lines are separated by a CMA analyser (resolution: . -

2.10-3). The spin polarization is measured via Mott
The angular distribution of the Auger electrons will be scattering /5/.
anisotropic if an "alignment" is induced in the colli-

sion step /I/. In this first measurement we investigated the following. ~ ~~~noble gas Auger lines witn electrons as projectiles:i ' " I

In the case of unpolarized projectiles and targets 
- •-"

symmetry requires the spin polarization to be normal to Krypton M4 NN 2 3  (
3
P2)the reaction plane spanned by the incoming projectile M5NIN 2 ,3  
3 
P 2)

and the outgoing Auger electron. According to the two ( 1 )

step model the initial hole must be aligned to transfer Xenon M5N4 ,5 N4 ,5  (
3
F4 )

the direction of the projectile in the emission process: (
3
F2,3) . -

O ( k kOP k( ))/(+ ' kAkDP0.)) (1) The evaluation of the polarization and anisotropy mea-
k2,4 k=2,4 surement yielded the following results for the polariza-

k - 2J; J: angular momentum of the initial hole tion parameter -2 and the ansisotropy parameter '2:

AkO: alignment tensor component Krypton Ep 1,5 keV .+-...

anisotropy parameter E 1'k5NiN2,3 M4N1N2,3 .. i.11i'

The polarization parameters '
1
k are a product of kine- -0.10 0.06 (0.19 0.11)

Thoaain ntree Lk bewen0heemsso
matic- and interference terms between the emission2 3

P (0.10 0.06) -0.19 0.11
matrix elements of the different channels. 2

Note that it. (LS)J-approximation one must take into 
3
P 1.74 0.83 1.79 1.03

account /3/: 2
3
P 2  1.96 0.66 1.80 - 1.04

- the final ionic state may not be a singulet
Xenon Ep 1 ,5 key

- the average polarisation of a muitiplet is zero p
M5N4 ,5N4 ,5

The angular distribution of the Auger electrons in 0

such a non-coincidence experiment is given by /2/: 2 F 0.017 0.028
3
F4  -0.017 - 0.028

1(1 (1+ kAkOP k(cos 1)(2)
.k=2,4 2: 

3F2,3 0.42 - 0.12

Generally the ,k contain the emission matrix elements; 3
F4  0.43 + 0.12

in the single channel case they depend on kinematics
only.

The errors include the statistical errors and the un-

Therefore the program to study the emission step separa- certainty of the alignment. The values in parenthesis

tely is: are concluded from (LS)J-approximation.

- Determination of the alignment of the initial hole REFERENCES
state from the anisotropy of a ISoline /I/ W. Mehlhorn in "Fundamental Processes in

Measurement of the spin polarization of a different Energetic Atomic Collisions", Plenum (1983)

line where the polarization may be non-zero /2/ H. Klar, J. Phys. B 13, 4741 (1980) .. .. _

- Measurement of the anisotropy of the same line /3/ N.M. Kabachnik, I.P. Sazhina, J. Phys. B 17, 1335,."-- -

(1984)
From these experimental data the parameters 'k and :k /4/ B. Lohmann, Diplomarbeit, Munster (1984)
can be evaluated. P z e sr r

/5/ J. Ke~ler, "Polarized Electrons". Springer Verla9

Berlin (1976)

:'-;" - . - . -.- "-* ... -. " . .-. . . ..... .. ** . * . : * • + . -.. ,'.."- - .... .... . ... " +  " -
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IMPACT EXCITATION OF POTASSCUSUAND CESIM BY POLARIZED ELECTRONS

P. NaS, N. Ludwig, E. Reichert

Institut fir Physik, Mainz, Germany

In this work the (np)-excitation of an unpolarized Fig. 2. shows similar data for the circular pola-

. potassium (n-4) and cesium (n=6)-ta;get by a longitudinally rization of the (6 P3 / 2 - 6 1/2)Cs-resonance light

polarized electron-beam is studied. The quantity observed produced by impact with polarized electrons. The magnitude

is the circular polarization of the (np- ns)-radiation of light polarization observed just above threshold is in

emitted in forward direction, which gives a measure of fairly good agreement with R-matrix calculations of

exchange scattering in the collision process1 
2 3 '

4 
' 5
. N agy et al

6
-

In Fig. 1 the observed polarization of the
2S~

1(4 P/2
-  

4 1/2 )K-resonance light as a function of 14
collision energy is shown. Values calculated with data given

by Moores 3  are indicated. The agreement between theory 12 - 6 P.

and experiment is good for energies above 2.2 eV. The deep

and narrow minimum in the theoretical data just above , .s

threshold is not observed in the experiment. May be the L

experimental energy resolution of our apparatus is not

sufficient to resolve this structure.

' 4

to i o+

1. t 2 4 6 8 11 12 14 16

REFERENCES

.2

9 2 6 16 2 ( 161. P.G. Burke, H.M. Schey. Phys.Rev. 126. 163 (1962)
2. D.L. Moores, O.W. Norcross,

CILIIMM oilJ.Phys.B: Atom.Molec.Phys. 5, 1482 (1972)

2 3. D.L. Moores, J.Phys.B: Atom.Molec.Phys. 9, 1329 (1976)
FFig. 1. Circular polarization P.. of (4 P12 - 4 S 112 4. H. Kleinpoppen, P zhys.Re. A3 , 2015 (1972)

K-resonance light as a function of collision energy. 5. J. Kessler, "Polarized Electrons" (1976)

Ihe dashed line, connecting the theoretical data

of Moores , are drawn to guide the eyes. 6. D. Nagy et l. I.Phys. Atom.Molec.Priys. 17,2527 119841

Pe electron polarization. 7. D. N private communication
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POLARIZATION OF ATOMIC LINE RADIATION AFTER IMPACT EXCITATION BY POLARIZED ELECTRONS

J. Goeke, G. F. Hanne. J. Kessler, M. Tushaus, and A. WoIcke

Physikalisches Institut University of Munster, D-4400 Munster. West-Germany VL

INTRODUCTION

For studying spin-dependent interactions in -0. 3low energy electron-atom scattering the polariza- : .

tion of the emitted line radiation has been ana-

lyzed after excitation by polarized electrons. -0.9

The excitation may be spin-dependent by the spin-

orbit-interaction and by the exchange-inter- r'2 0.6

action. As a result polarization components p me
(Stokes-parameters) are obtained which only

depend on the primary electron polarization. 0.0

These experiments have stimulated numerical

calculations in which the R-matrix close-coup- -0.3

ling method (including relativistic terms) is -0.6 .

used to calculate the parameters which we

measured. We will report on two different

experiments with mercury as the target: E NE RG Y (eV
Fig. 1. Measured Stokes-paramters nl/Py and

2yy
n 2/P y (see text) versus electron energy. ".'-"

ELECTRON-PHOTON-COINCIDENCE EXPERIMENT Solid line: numerical calculations of

reference 1.

The three Stokes-parameters (n1/Py, n2/Py'

and n 3 ) have been measured for light emitted in INTEGRATED STOKES-PARAMETERS

the direction of the electron polarization. The

photons are detected in coincidence with the The polarization of line radiation measured

electrons scattered in the forward direction in a non-coincidence experiment is spin-dependent

after excitation of the Hg 6 3P1-state. as well. We measured the Stokes-parameters of

The Stokes-parame.ers are defined as several mercury transitions. Such experiments

follows: n1/Py=(I(45O)-I(135°;)/I , n2/pyIl.+)- have been discussed in the literature for a cali-

I(-))/I, and O )-I(9O°))/. I(-) denotes bration-free optical detector of free electronan r n3-(
the intensity of light transmitted by a linear polarization

2
. Because of many resonance

polarization filter which is inclined to the states of the Hg--ion and the influence of the -

electron beam-axis by an angle a: n 2/Py is the hyperfine-interaction this type of detector

circular polarization, I the total intensity and cannot be used without any calibration procedure.

Py is the transverse polarization of the incident On the other hand these results have been very

electron beam. helpful for the classification of resonance

Only two complex scattering amplitudes are states of the Hg--ion
3
.

sufficient for a complete description of the ..

excitation process studied. (With other electron REFERENCES

scattering angles up to six different amplitudes 1. Bartschat K. Thesis Munster (1984) in

may arise). Since we have three independent collaboration with Burke P.G., and Scott N.S.

measurements, the relative phase as well as the 2. Wykes J.S., J. Phys. B2 (1971) L91

ratio of the moduli of the two amplitudes can be 3. Wolcke A., Bartschat K., Blum K., Borgmann .

extracted from the results (see figure 1.). H., Hanne G.F., and Kessler J., J. Phys. B16

(1983) 639

.................................... .. .,
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SPIN EFFECTS BY ORIENTATION AND EXCHANGE IN ELASTIC ELECTRON COLLISIONS WITH HEAVY ATOMS

H.Geesmann, G.F.Hanne, F.Kaussen and J.Kessler

Physikalisches Institut der Universit6t Munster, D4400 Munster, W.Germany

We report on a double scattering experiment spin effects by orientation and exchange. It is expec- -

where unpolarised electrons are scattered on ted that the sequence of target atoms with Z = 80, 81."

unpolarised heavy atoms and the spin polarisation 82 ( Hg, TI, Pb ) shows very similar behavior with

- of elastically scattered electrons is analysed by respect to Mott scattering, but differences with res-

' Mott scattering. The purpose of the present in- pect the other effect when exchange collisions are

vestigation is to study the differences in the involved.

* polarisation effects when targets with different First theoretical results are now available by a R-

angular momenta are used. We compare scattering matrix calculation of the Belfast group /3/. '

of electrons with Hg (6s
2  

10 ) , TI (6s
2
6p 2P 1I2P

..and Pb (Gs26p
2  3Po) at low collision energies of .. kx "

If target atoms have nonzero orbital angular

momentum ( like TI and Pb) this can be oriented

by electron impact /Il/ as shown in a semiclassi- -

cal picture in fig.l.

If the fine structure interaction is sufficiently

large the atoms will be found after elastic scattering k

in their ground state with well defined total angular (a) (b) k

momentum quantumnumber J. This means however that the Figure 1. Semiclassical model of orientation

atomic spin is also oriented after elastic collision as by collision. (a) Orientation in the scattering

is shown in fig. 2 for a "one-electron-atom" like TI. plane caused by a grazing collision. (b) Orienta-

The ground state of TI has J=1/2 and is separated from tion described by the vector model.

the ( excited ) state with J=3/2 by approximately 1 eV. -...

This spin orientation of the atoms might influence *-' .'.

the polarisation of the scattered electrons if exchange S...*

collisions are involved /2/. Figure 2a e.g. demon- K S -•-..

strates that spin down electrons are preferred to be - .

S"built in the atom by exchange collision since spin up . L/

electrons cannot form a J=1/2 state. Thus the differen-

tial cross section for spin up and spin down electrons J

are different when exchange is important. This leads to .2

polarisation phenomena like in Mott scattering but the (a) (b)
mechanism for producing them are very different. In Mott Figure 2. Semiclassical vector model for L=1 and

scattering the spin polarisation is caused by the spin S=1/2. (a) Total angular momentum J=1/2: Only spin vec-

orbit interaction of the continuum electron with the tors S antiparallel to the given orbital angular momen-

nucleus. Instead, the effect just discussed results from tum vector L can form a Jzl/2 state.

an L-orientation of the atomic electrons which is trans- (b) Same for J=3/2, illustrating that only spin vectors

ferred to the spins of the scattered electrons by the S parallel to the given L can form a J=3/2 state.

atomic fine structure interaction and exchange.

In order to investigate these different processes, we REFERENCES:
measure the polarisation of elastically scattered elec- /Il/ M.Kohmoto and U.Fano. J.Phys.B 14 (1981) L447

trons for Hg, TI and Pb. The Hg atoms have zero spin /2/ G.F.Hanne, Comments At•Mol.Phys. 14 (1984) 163

and orbital angular momentum and can only show Mott /3/ K.Bartschat, K.Blum, P.G.Burke, G.F.Harine and

scattering effects, whereas TI and Pb can also produce N.S.Scott. J.Phys.B 17 (1984) 3797

- . -.... +*,..
. " - . , . . . . . .
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ASYMME'TRY OF POLARIZED ELECFRONS SCATTERED INELASTICALLY FROM MERCURY ATOMS

H.Borgmann, J.Goeke, G.F.Hanne, C.Hlscher, J.Kessler and A.Wolcke

Physikalisches Institut, UniversitAt Monster, Domagkstra~e 75, D-4400 Minster, W.-Germany

Magnetic Lens

He-Ne-Laser and Spin Rotator

/ ,90-Deflector['he electron impact excitation of heavy atoms isI "Light- t& g %i

aILIL Magti Lens 
"

" '  
-'"

l'" ~st rongly influenced by various spin-dependentOlla r, -mi_ ,. ' f" % "'""

.• interactions (spin-orbit interaction, fine-st ructure lXit,) Spectrometers

[*" interaction, exchange). For studying these interactions Apertur"s

- we measured the asymmetry of polarized electrons GaAsP-Cathode Apertures

scattered inellastically from mercury atoms for U .

collision energies from the excitation threshold up to

' 50eV. The excitation of various target states (Hg Atomic Beam

63P1 , 63P2 and 61 P) has been studied by measuring

the angular distribution of asymmetry.

-- A scheme of the apparatus is schown in figure 1. Fig. scheme of apparatus

The vector of the spin polarization of an electron ib

: beam which results from a GaAsP photocathode

(illuminated with circulary polarized light) is rotated

by magnetic coils to be perpendicular to the SA  0.4II II "1"

scattering plane which is defined by two electron

detectors. From the number of electrons scattered to I 0.2

the left (N I ) and tight (N,) the scattering asymmetry L Dole

A (N-N )/(Nl+N) = SA(0) P is calculated. As an E . ,

example of our measurements the asymmetry functionE2 ZP -0.2
SA is plotted as a function of the scattering angle 0 3 1 7.5eV

in figure 2a,b for excitation of the 63p, and 63P2 -0.4 "--'1-1 2lI I I I I i !III!II . ."'-""

states of Hg for a collison energie of 7.5eV. The 0 30 60 90 120

opposite sign of SA(O) for the different excitations scatteri Ing angle
indicates that exchange is the dominant

*" spin-dependent process here /1/.

Results for various target states and collision energies

are presented and compared with new theoretical

data (R-matrix close-couping/2/ and DWBA SA 0.4 ,,,,,,,,,

calculat ions/3/). 0.4

:A 0.2 a

References +L
0E 0.0 , , , 'I I :

E
I/ G.F.Hanne, Phys.Rep.95 (1983) 95 -0.2

D1( -IA - Hg 3 P2 7.5eV
/2/ K.Bartschat, K.Blum, P.G.Burke, G.F.Hanne o -0.4 I

and N.S.Scott J.Phys.B.17 (1984) 3797 0 30 60 90 120
scattering angle

/3/ K.Bartschat, D.H.Madison and G.F.Hanne

to be published ", -

Fig. 2a,b scattering asymmetry SA as a function of

the scattering angle 0

*~ ... . . . . .. . . . . . . . .- -.

.................. .... :.... .. . . . . .. . . . .
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ELASTIC SCATTERING OF POLARISED ELECTRONS FROM MERCURY AND XENON

FOR COMPLETE EVALUATION OF THE SCATTERING AMPLITUDES

0. Berger and J. Kessler
Physikalisches Institut der Universitat MUnster, D-4400 MUnster, W.-Germany

The elastic electron scattering from spinless

atoms can be described completely by two complex

scattering amplitudes if Coulomb interaction and uNO R OC LO'

spin-orbit interaction in the continuum are taken

into account. Complete elastic scattering experi- LCMr MOULTR- ACCELERATOR

ments are feasible in the sense that the moduli 1oC0 . i
W0 DEFLECTOR

and the relative phase of the two scattering

amplitudes can be determined /I/. OFAa CATHOE

Experiments in which the differential cross- WIEN ,'L

section or the Sherman-function S are measured do

not contain all the information on the scattering

process due to the fact that unpolarised electrons

are scattered and the effect of the electron spin l --ciu'LN"'-T-'i"

in the scattering process is not accessed comple- EX ATIBEAM

tely. The missing information can only be obtained

by scattering polarised electrons and measuring

the additional parameters T and U describing the Fig. i: Schematic diagram of the apparatus 7

change of the polarisation in the scattering proc-

ess /2j. The experimental results are shown in compa-

In the experiment we report here the angular rison with several theoretical calculations /3/,

dependence of the polarisation parameters S, T /4/, /5/.

and U has been measured at various fixed energies From the measured polarisation parameters S, .

between 25 and 150eV for mercury and xenon. The T and U together with the absolute differential

polarised electrons are produced in a GaAsP source. cross-section, which has been investigated by

After a first 90* deflection the electrons are different groups, a complete evaluation of the

focused into a rotatable deflection system which scattering amplitudes in terms of the moduli

allows to vary the scattering angle continously. and the relative phase is presented.

A beam of 50-200 nA with a polarisation of typi-

cally 32% is obtained in the target region. The REFERENCES: I .

elastically scattered electrons from a target

consisting of either mercury vapour or xenon gas /1/ R Mollenkamp, W Wubker, 0 Berger, K Jost and

are transmitted through a filter lens and a Wien- J Kessler, J. Phys. B: At. Mol. Phys. 17,

filter. Thereafter they are accelerated and 1107 (1984)

enter a Mott-detector for polarisation analysis /2/ J Ke3ler, Polarized Electrons (Springer,

(Fig. 1). Two pairs of counters in the Mott- Berlin) (1976)

detector allow a simultaneous analysis of the /3/ D Walker, Adv. Phys. 20, 257 (1971)
/4/ B Awe, F Kemper, F Rosicky and R Feder ';'":''.

transverse polarisation components. From the /4 B Kme Fosicy and R 9eder

measured polarisation components the polarisation and psBat. o . "hy"-6,603(183
and private commounication

parameters S, T and U are derived. In the special .My o-i

case where the primary polarisation P lies in the /5/ IE McCarthy, CJ Noble, BA Phillips and " "

scattering plane, as in our experiment, the pol- AD Turnball, Phys. Rev. A15 2173 (1977)
arisation ' of the scattered electrons can be and private cnmmunication

described by

=SA + Tf +u( ) (1)"

where A is the unit normal vector of the scat-

tering plane. -. -.-. ,.-

7."' ,- "¢

• , • • °
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SEMI-RELATIVISTIC CALCULATIONS OF ELASTIC .
SCATTERING OF ELECTRONS FROM XE AND HG•

R.P. McEachran and A.D. Stauffer -. -

Physics Department, York University, Toronto, Canada M3J lF3 ft .3

We present results for the elastic scattering of

electrons from xenon and mercury using a model which

includes relativistic effects as well as exchange b

,and polarization. The relativistic potential is % '-

derived from relativistic Dirac-Fock wave functions
1

while the polarization potential is the accurate

non-relativistic polarized-orbital potential used

* previously.
,  

Differential and total elastic

scattering cross sections are given and compared to

existing relativistic and non-relativistic calcula-

tions as well as tc experimental data over the energy

• ranee from threshhold to a few hundred electron volts. " '

Since relativistic effects are included in our

model the spin polarization of the scattered electrons

can also he calculated. We show results for the

polarization parameters S, T and U which can be

measured in a 'perfect' scattering experiment. I

These quantities are compared to recent theoretical

and experimental results and are in general in good

agreement with the experimental data. Special

attention is paid to situations where disagreements

have arisen in the past.

References

I. i.P. Grant, B.J. McKenzie, P.H. Norrington, D.F.

Mayers and N.C. Pyper, Computer Phys. Comm. 21,
207 (1980).

2. R.P. McEachran and A.D. Sta,:ffer, J. Phys. B 16,

255 (1983). -- _...

3. R.P. McEachran and A.D. Statffer, J. Phvs. B 17
2507 (1984).

4. W. WTker, R. M6"llenkamp and J. Kessler, Phys. Rev.
Letts. 49, 272 (1982).
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ELECTRON SCATTERING ON HEAVY ATOMS*

K. Bartschat, P. G. Burke and N. S. Scott " *'•% * .*v
Department of Applied Mathematics and Theoretical Physics _

The Queen's University of Belfast, Belfast BT7 INN, Northern Ireland.

Electron scattering by heavy atoms has been studied correlation are also important and have to be taken into

both experimentally and theoretically for many years. account for further improvement of the theoretical results.

Experimentally, not only can total and differential Electron correlation on the (s6p 2)-resonances in

elastic and inelastic cross sections be measured, but the t - Hg scattering has been studied by including additional

use of high resolution polarised electron and atom beams correlation functions in the R-matrix expansion. The

enable ohsrvables such as the spin polarisation, asy- most important change to the original R-matrix calculat-

rnetry functions and the Stokes' parameters to be deter- ion
3

,
5 

is a split in the energy positions of the (6sbp
2

iined. Theoretically, new developments in methods and 0O-resonances. This effect can be simulated by shiftin, "

computer programs have enabled the combined influence of the corresponding R-matrix poles and in fig. 2 we show

.resonances, electron exchange and relativistic effects, the results of the integrated Stokes' parameter ,/Py,

to be accurately included, which describes the circular polarisation of the light

In this paper we present recent results for elasti, emitted after excitation with travrsally polarised .-.

and inelastic scattering of electrons by Cs, Hg, TI and electrons. The agreement with the experimental data
6

'b targets using the relativistic R-matrix method
1
. as clearly improved, a tendvnv which is also found for

These calculations include for the first time all the ther observables which strongly depend on the position

effects ment ioned above wi thin the framework of the Brei .. t these resonances.

Pauli Hamiltonian. The influence of electron correlation The R-matrix calculations for e - Hg scattering

on resonances in e - Hg scattering and the role of the will also be compared with r,(ent DWBA results and new

one-bodv spin orbit, mass correction and Darwin operators experimental data of tht Munster group. .

will be discussed. References

Fig. I shows the influence of the Darwin term and 1. N. S. Scott and P. G. Burke ( 1980),l.lhl,.B.l. 92O..
the mass correction term on the spin polarisation 2. K. Bartschat, N. S. Scott, K. Blum and P'. C. Burk,

(1984), J. Phys. B. 17, 269.
function S and the asymmetry function S for the electron 3. N. S. Scott. P. C. Burke and K. Bart chat (14gi),

J.p A. s. B., 16, L361.

impact excitation of the (6shp) P1  state of Hg from the 4 .. , ;Bartschat,--. F. Hann, %. 'ol(kt an, I. Kcss1,r,

(6s) S ground state. It can be seen that the addit- (1981), Phys Rev. lett. 47, 997.
tonal terms in the Hamiltonian clearly change the results 5. K. Bartschat, K. Blum, P.. Burk, .. , . HanT,. and .--

ioa N. S. Scott (1984). J. Pts. B. 17, 1797.

of an earlier R-matrix calculation' , where only the 6. A. Wolcke, K. Barts; (ht. K. Bn' ,. H.B rctat,
spin-orbit interaction was included. The structure of C. F. Hanne and J. Kssler lt0IcI . IP hs . lI,.,- ' '

7. K. Bartsehat, I. H. Mfadi ., .. .. !.ndnt , I , -,I

the curves and the overall agreement with the experiment.al J2. Phvs. B. (to he ul i hed)
4

data remains essentially unchanged. This indicates This work was stp rt , , ,, ht

that other effects like core polarisation and clectrn ,rs httseic'in'. ,:l ,-, Be, -

. . . * . ' -.0.6 xS .. " _

0.2 P, v, -

0.0

-0.4

e neo- -e V .-

J. ....... .
Fig. l:Spjn polarisation tunct ion S and st t t,-r in. *

asymmetry tunction S for the ( 6 ,2)FIS (b ",P)i
transition in Hg. Co~parison of thee Id anmd -7(o 4 * -
-nd the new (.... and .-.-) B.matrix - -alcui•tion (s

text) with the experimental datai (Bartschat it al 19M1 ati .-

for to electron scairterin- in-l Ic =

-o . . . . .
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RLLArIVISTIC EFFECTIS 1,4 ELASTIC SCAMF*ERIN(] OF ELECTRONS FROM HEAVY ATOMS

K. Haseiibdrq, L. tMadisr,n K. Esdrts.Lat- K. Blum . .

+: 1a~ .. 1~s2 i , U~vtittMster. D-4400) M~nster, W. Germany
t y~ and Astri:. ::y, Dr ike 2 r ,,.e ct',I 1 31 USA .&L~

rc<t111esDept. _.' A ,ilied Mathem i ,,.jT, r etI-' Pjysi S
U:,: SCiversit'Y, SO.: ast BT 1NN, -r tl~err. telan3 V'

t~i . i. er 1 3.,:.> t" ;00 eV. ReSultS will1

t ,,j 521<1: t:- iTri: .- t!,, variD~s L S

l~~~~t.~~ ri~ ci pc I~. r i; 7i0w2 cl a i o n

V1, L1j1 I:.- te t ~ . fsr55eii.rt

*~TU- ., t - A0c 1i cd 1 dlt 12, weTI nav hdIse.l var i1i~

a A- hAN gRIlI1t jv ten tila I s- I poidar i zt ico potent ialI ------- t_

AlO a:i i'sagi:.ary ikSrptior potential. For Xenon wQ 20 0r 60 80 1 00 1 20 i 0 160
~Se rlaivstc a.e unctions of Walker and for SGRTTER'IN PNCLE (DEC 1

hy Eiss;,er' Ss1m-relati.vistlc wave funutions. i.1:Spin polarization versus scattering angle for
elastic e- - Hg scattering 7at 50 eV.

We alve calculIateJ the ilfferential crjss-se _tio xeimna dt f le
fr: full-relativistic: calculation,

an-; tiu S polarizatior. , aid U parameters that I'1 see b) , LS: only spin-orbit coupling.

descrioe ttoe cnange of tioe polarization vector coms-

*pletely. S, T, T2 value-s and differential cross- 0 .

* ic~i~lS are comparec with experiment iii an energy

*range f _O -700 eV. Preliminary results ale shown in f 2
t
igs. and r -LS

HJ 1ister, h.F. Weiss, I. Piys. A6I, 16) L196vI

SAwc, F. Kcrnper, F. Rcsi.S/, R. Feder, J. Phys. B

F Croevss, I . icCartny, U . Pnys. 8 6, czz0 !, frL
Fsi LarO,, ;. Pnys. B _L- ,,043 1-il.)

_t'-zwssa. D.W. Scnwo:.ke, .J. Tlhiruaai. .G.. .6 1 T
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41s ~h, *.Fig. 2: Scattering from Xe at E=400 eV. Ex erimental
- lata of Kessler, Lucas and VuikoviEb
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POLARIZATION PHENOMENA IN ELECTRON-ATOM COLLISION PROCESSES* ,

Keh-Ning Huang

Institute of Atomic and Molecular Sciences, Academia Sinica
P. 0. Box 23-166, Taipei, Taiwan 107, Republic of China

andr
Department of Physics, National Taiwan University "

Taipei, Taiwan 107, Republic of China

.-article collision on a many-particle target has I ( ' " '. ) is the appropriate interaction matrix.

been one of the most fruitful probes of elementary To write the angular distribution and spin

interactions and the target structure. Electron-atom polarization of the scatter-d electron in vector 4
collision, in particular, has also important forms, we define three orthogonal unit vectors

applications in astrophysics, plasma physics, and ( t, n, k ) as ki = i k " ''

radiation physics. Most of previous works on n r k. x k x k , t = n x k / n x k. , where k.

electron-atom collision are about the total cross and k are the momenta or the incident and scattered

section. Nevertheless,the spin polarization and electrons, respectively. . is normal to the scattering ___

angular distribution of the scattered electron can plane, and t is on the scattering plane and

reveal a wealth of information about the atomic perpendicular to k. The ...iuar distribution .f the

structure. Furthermore, valuable new information scattered electron can be written as

about electron-atom collision processes can be

obtained from experiments with polarized electron d F( -,: , (2)

beams. Formulas for spin polarization and angular where the distribution function is

distribution of elastically scattered electrons are
wel-knwn

1
,2F(s.:) = I + a + b(p.n), (3)

well-known1,
2 
and depend only on the incident energy

and the phase shifts of partial waves. On the other Here is the spin polarization of the incident

hand, for inelastically scattered electrons, the spin electron. The spin polarization of the scattered

polarization and angular distribution depend on the electron is given as

cLcrgies of the incident and scattered electrons, on (
• :
)P(-,

:
) = c p k.) d4.t) ")

x
the phase shifts, and on the transition amplitudes (,.)Fs:) = e + f(p.n), (5)

involving both the projectile and target. In this .
=gpk)+ h(p.r). (6)paper, we report the kinematics of inelastic zg(P k

eletron-atom collisions including the radiative and

Auger transitions of the target after the collision. Here a, b, c, d, e, f, g, and h are eight independent

A relativistic approach is used in the present functions of the polar angle . It is clear from

formulation, and therefore the spin polarization of (3)-(6) that the analyzing power of the target,

the electron and fine structures of the atom are built b/(l+a), does not equals the polarizing power,

in from the outset. The spin polarization and angular e/(l+a), even when the interaction involved in the

distribution of the scattered electron are presented scattering conserves parity. Only when the scattering

in concise parametrized expressions. For low-energy can be approximated by the potential scattering, can

electron-atom collisions, where only a few partial we equate the analyzing power to the polarizing power

waves suffice, these angle-independent parameters because b=e. The kinematics of coinc

provide a convenient classification of dynamical measurements of the scattered electron and excited

effects and facilitate comparisons between different target will also be studied, and the triply

calculations. In addition, the present approach is differential cross section ,f elVctr.n-impa t '-

formulated in such a way that any single-channel or ionization
3 
will be discusvd.

multichannel dynamical theory can be used to calculate

pertinent parameters. References

Electron-atom scatterings can be summarized by 1. N. F. Mott, Proc. Roy. Soc A124, =25 (1929).

the scattering equation as 2. J. Kessler, Polarized Eleutrons (Sprinner. Berlin.

' 
(u  

' ; 1970).

3. K.-N. Huang, Phys. Rc\. A28, 1869 (1943).
where : and ' are the density matrices of

the scattered and incident electrons, respectively, and
* Work supported in part h, th N'aitinal Science

Council and Aoaden1 Sini ca, Republic of China.
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A: 5PI-POLARIZATIJO .,F A'GLR LLECTRONS . -

K. Blum, B. Lohmann, E. Taute

Instltot f. Teretiszhe Physik I, Universitit Munster, D-4400 Munster, W. Germany

At uclarization of Auger eiectrons nas been stud- In order t, obtain additional criteria one has to

i. Ly Klar' and by K..acncik>
. 

These authors cevel- consider dynamical factors. The physical mechanism,

:.rmal tno.ries, based o; symmtetry considerations responsible for the spin polarization, is the final-

C... ,rive ..... ti. y-. .. r t:1 coo.rence . state interaction experienced by the electron when it

O:n ;o.rariz eSess Wlt: anLtarized leaves the target. A significant spin polarization t

±..tt. ;artislis.olar, raoacnrisk snowes can _fly be obtained if the dynamical conditions are

..at: spir-orit c-i--i.g in tol cortin:um Is not neces- s=oh that the ejected electron is significantly influ-

sary for ontainin, s-:in polarization, trovided ndl- enei by short-range effects. This requires in par-

* Ut a cootonents 0: tne 'oitine strocture levels tlcolar that its kinetic energy is not too high.

Results of model calculations will be presented

• auacn.:.ra -ade some uredicticns for Asger lines woich show tne influence of the final-state interac-

wore a ,oticeable polarization may be exected. These tions.

v:,uitions are not sufficient to explain recent expert-

References
uento. oats'.

H. Klar, J. Phys. B 13, 4741 (1980) -

2N.M. Kabachnik, J. Phys. B 14, L227 (19811

U. Hahn, H. Merz, private communication
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MUJLTICHAN~NEL ETRONAL THEORY OF EXCITATION TN% ELECTRON-METASTABLE ATOM COLLISIONS %' -.

E. J1. Mansky and M. R. Flannery

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332 LISA

1,2 ~~~~~~102 r-- -- -1--T-
The multichannel eikonal theory

1
' has been modified

analytically so as to incorporate directly the effect at .. 6 I*~
distant impact parameters (p max " of the various di-

pole couplings which are important in collisions of elec- 101

trons with metastable atoms. Differential and integral

cross sections are then obtained for e-H(2s,2p) and for (f)-

e-He(2
1
'
3
S, 21-3p)for collision energies E (e) in the (1 1

range [E1,E I which is [5,500] for H * and He* is [17,5001 1 0

for H(ls) and [40,20001 for He(I'S). All ten sublevels

(nine for He(2
3
S)) :orresponding to the principal quantumF

numbers n < 3 are retained in the basis set for the target 1* i,

states of H(nl) and He~is ni). 0 10 20 30 40k
Very good agreement with experiment

3
'
4  

and with OWNeq)
close-coupling calculations5 are obtained for integral and

differential cross sections DCS (see representative re- Figures 1 and 2: IICS (-a 2 sr.) for e-He(2
3
S .3

3
L) at

silts in Table I and Figures 1-3). E = 20 e%'. Present Results - Previous Results (ref. 2)

Polarization fractions for transitions 3p - 2s and ---- ; Experimsent (ref. 4) A.
2
p -lI in H and for 31'3p - 2

1
'
3
S and 2

1
P -~ I'S in He

are also calculated and compared with experiment. The 10 -

first theoretical predictions for parameters (X,u,x and 102

are provided for transitions H(3d - 2p) and for0

found to be consistent with the low-energy (E , 45.6) C\j 0

experimental data. t 0'
Table 1: Theoretical and experimental values for the Q2

2 o
DCS~ls -2p) in H at FT = 54.40 eV. (in units of a o2Ist). 10 3

close-coun ling0
(deg.) present results reut~ experiment

3

0 38.34 39.0 - 1(
4

10 7.542 7.81 7.54 ___________________

20 1.103 1.18 1.04 0 10 20 30 40
30 0.1716 0.199 0.157 e(deg)
40 0.0329 0.0471 0.0436

2
Figure 3: OCS (a /sr.) fort -H(Is~ 

2
p) at t (eV) =20,-

254.4, 100, 200 and 500 (curvL's A-!, respect ivelvI.
10 ~Present reSUltS - 0 ref. 31; + ref. 51.

This research is supported by U.S. AFOSH Crant Na.

AFOSR-84-02 33.
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A NEW APPROACH TO SCAM-ERING BY MULTI-CENTRAL INTERACTIONS

D.P. Dewangan and S.8. Khadkikar N

Physical Research Laboratory, Navrangoura, Ahmedabad 380 009, India. '

In the theor of scattering of many-body complex ~ v 1GC*VC > < IV l I G*V GV~ &
f 1 2011I f 12 12 1

systems the approximate scattering by tiulticentered

dotentials is a convenient starting point. The implied {I (- 2) (5)

suddn arroxnstin i expctedto old speiall at Clearly our transition amplitude includes exactly all ,. ~
high energies iwhern the fermi-motion of the particles can those terms in which the particle is scattered from the

be neglected. However the problem of multi-centre
same potential any number of times, and also those terms

scattering which is equivalent to an infinite set of whc teindntprilafrbinmuilys-

coupled ordinary differential equaticns eefies an exact terdbonptnia, ssctrdfnlyocey

solution. The purpose of this note is to give an appro- thseodpenil

ximate solution which will be amenable to further exten-

sion to the many-body scatterinF formulation. It appears that the first term in (1), that is

ansatz(2) is quite satisfactory to explain the e-+H(ls)
Let us conaider scattering by two potentials VI and eH(2s) differential crs-etinl ssoni h

V, centered at 01and 02. Let us Green's functions be fiue.

denoted by G+, G+, G+ and G+ with no potential, V,, V 2
V1 + V 2 and the corresponding wave functions $ P~f t, ..

and &,*denoting outgoing boundary conditions. Then g.? *

using the usual equations for Green's function and f 5A4.,e

Lipmann-Schwinger equations, it is easy to show -.

10

+ l + + +G~ . - GVC (1)

Here .dot denotea ordinary product which is commutative. 0 I
The terms in the bracket canicel in Eorn..anrroxirttions

upto second order and can be shown to be exactly zero in 1
cikonal approximation. Hence one can use the approxima- il2 .
tion: 20 E leiror uxnarrerg axiosre e [dec Il

+ ~ + Flp, (2). Differential cros sxections for e - H( l,-e H12si at 54.4ec% k., 2 ao)
t; 1 2 he present model not including exchange;- the Glauher approximation.

- .the firs Born approximation. - the present model including exchange
This ansatz was already used by Dewangan 1for electron- through the Ohkurtapproxmato. perimntnl datanllt of . . . -

atomic collisions. We can obviously generalize the

above expression for any number of potentials -these This eeans there is large cancellation among the last

need not act from different centres, terms of (1). Further applications are being conaidered..*.

4+ n-l n

=8. Tr (3)---

It can be shown that in the case of two potentiala the

total T-matrix is given by

T !V T2.T Gv1V >+,co 1V IGV +
T IT2<f 1 0o 2 2 f 2 0 1 1

<f l+V liGoV &+.GoV C+, (4)

where T,, T 2 are T-soatrices for potentials V1 and V2  References

T espectively. Only the last term in (4) is approximate 1. D.P. Dewangan, J.Phys.B. 16 (1983), LS9S.

and replaces the following terms in the exact expresaion

for T: 2. J.F. Williams, .1.Phys.8. 14 (1981) 1197...

.. :. . 2W
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ELECTRON-IMPACT EXCITATION FROM THE 23S METASTABLE
STATE OF HELIUM TO HIGHER ELECTRONIC STATES

David C. Cartwright and G. Csanak
University of California, Los Alamos National Laboratory

Los Alamos, New Mexico 87545

Metastable electronic states are now known1 to oS-
3  

I I

play an important role in determining the degree of He

ionization and the flow of energy in plasmas con- e
" 

S3s
s  

o
taining inert gas atoms, but relatively little is %'

currently known about the cross sections for .
t d

excitation and ionization from these states. Z0O4 1 %

Although data are now becoming available on the

density 2
'

3 
of metastable species, and their influ-

ence on the net ionization,' under certain plasma\"-
0

conditions, relatively little is known about exci- ,

tation from atoms initially in metastable electronic _O< \"-5
states to higher electronic states. The only 0

W
direct measurement of the differential cross section z _Q,,, .

(DCS) for excitation from a metastable atomic ME -A- . . .,. .

state that has been reported to date is the recent . . ., OFo,., ,, ,,. " C

work of Miller-Fiedler et al.
4  

From a theoretical _0._ I L I _i,

Fo athoeia1060 20 40 60 So 100 120 140

standpoint, the only DCSs that have been reported NCDT ELCTO ENERGY leVIINCIDENT ELECTRON ENERGY (eV)

to date are Born and Glauber results by Khayrallah

et al. 5 for the 2 3S 3 3S transition, and the ten-
channel eikonal results by Flannery and McCann 6 REFERENCES -... "

foin-conerve tranitions. 1. C. M. Ferreira, J. Loureiro, and A. Ricard,

The many-body formulation, previously used J. AppI. Phys. 57, 82 (1985).

with good success for treating excitation from 2. M. lino, I. Tachikawa, Y. Takubo, and M.

ground-state closed-shell targets, has been ex- Shimazu, Jap. J. App. Phys. 22, 1422 (1983).

tended to treat excitation from targets in excited 3. Y. Ichikawa and S. Teii, J. Phys. D: Appl.

electronic states. In the first-order formulation of Phys. 13, 1243 (1980).

this many-body theory for metastable targets, the 4. R. Miiller-Fiedler, P. Schlemmer, K. Jung, -'-

excitation process can occur by a two-step de- H. Hotop, and H. Ehrhardt, J. Phys. B: -,
excitation-excitation process, as well as by the At. Mol. Phys. 17, 259 (1984).

usual "direct" excitation mechanism. If only the 5. G. A. Khayrallah, S. T. Chen, and J. R.

"direct" excitation mechanism is considered, the Rumble, Phys. Rev. A17. 513 11978).

customary distorted-wave approximation is 6. M. R. Flannery and K. J. McCann, Phys. "- •-
Rev. A12, 846 (1975). . -obtained.

Figure 2 shows a comparison of integral cross 7. N. T. Padial, G. D. Meneses, F. J. da
Paixao, G. Csanak, and D. C. Cartwright,

sections obtained by various approximations with Phys. Rev. A23, 2194 (1981); L. E. Machado,
8 __

that reported by Ochkur and Bratsev, for the E. P. Leal and G. Csanak, Phys. Rev. A29,

transition e + He(2 S) - He(3S) + e-. Compari- 1811 (1984).

sons with the other experimental and theoretical 8. V. I. Ochkur and V. F. Bratsev, Soy.

results will be presented. Astron. AJ 9, 797 (1966).
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2 2
SUALI, ANGLE "SUTERELASTIC' 3 2P-3S (e-,Na) SCATTERING IN THE 10-25 eV RANrE -.- "- -

2. F. Shen*, J-L. Cai-, B. Jaduszliwer and B. Bederson*

*ew York University, Department of Physics, New York, New York 10003
*The Aerospace Corporation, Los Anoeles, CA 90009 C

"" -::I,)T exerimtnts involviro scatterina by of 2n e. with both circularly and linearly polarized

la tr-- x t it,oms is a matter of considerable current laser liht. The ratio of effective superelastic cross 6%

otorc s ' . Gvrt.l et al have studie in detail the soctier for Na atoms excited bv 7 light and n light is

n. ....... r n itelasti scatterina by 3
2

P 1 /2 sodium 1.3. Comparison with available computations will be-AW

atoms ( n t, laii of :olarization of the laser light. re-ented.

4
o:n ex:-.rimental .orram is in proress at New York."

"ersi' v. measure reliable atsolute cross sections

for elasti, inelastic, and sucefelastic electron

'ollisions wit- laser-excited sodium atoms.

T-is rap)r reor-t cc atomic recoil studies of ... j. I
small anl r ic scattering of electrons by

sodim a-ors at r termediate eneroies, performed usina

a new v-ntic ears a: aratus at NYU. The atom, .

-, c tr~n i, la- r !ams are mutually perpendicular and

r .f a -Il-d, fined interaction volume. The .5 -

t : re,-il-cattered by both many-uhoton aC .
r. ab-,r t~. i-I by electron scattering, ionized

t,,, s;rla iooil with mass s ,ectrometric selection

do• on ice 'ne detector is 3m down-

-tractic:. re.ion, in order to obtain

tip' A r r- , 11;i 1 The .hoton-deoflected atom -6 2 0 .? .4 .6 (in)

:-_1a7 rofile can he used to obtain the relative popula- FIGURE 1. Detector signal vs detector position at F =

t c of around and excited states; the electron- 23eV. 0 represents the position of the undeflected

scattered atom can then be analyzed, in two dimensions, atomic beam. The left prominent peak is the signature of

to determine absolute cross sections, both differential superelastic scattering and the right prominent peak is \-o - -

and integral, for specific state-to-state reactions. In the signature of forward inelastic scattering. Direction

tie experiment the effusive atomic sodium beam is of electron beam is left to right.

state-selected by nexapole electromagnet, before,"

ia..r excitation, in the F=2, 0,=-I,0,1,2 states. The '

rirht-circularly polarized laser is tuned to the - 2.0 "--

- / =2 - 3 1 =3 transition. The atomic .

l.t'cto: is disnlaced from the undeflected beam axis to . 1.5 4

rak of the 7.hoton-recoiled atomic beam. The +

geam signals are measured by having the channel- .0

trn output fed into a hioh-ensitivitv electrometer. <'I1< -

The a.nalno otnut i samp.led by an ADC of a PDP 11/03,•~~~n s ~ o
)

:rooranmed to r ,,rato a; a multichannel analyzer. - I -

t'io. I shows !t-c-,)r i:nal vs detector position, ri / atl o er s a n

at F 0 C". -he suierelastic cross section 10e"1.V-2.v..e
tOoell 15AV 20eV 2 5eAt 'i

elron ranin fromn 10 to Physic Vol 13 p.11 197

We ortion asur th ratio A t, eetros es t 2. The ratio A,/A. at electron energies51a(1981 . . .

6' area under thr, zer( 4astic sca.terinay peak and Aa I . hron I to 25 e19.84)

-he area under the deff, red atomic eam. 'in. 2 show, ..efere.c.
the ratio A /A at electr r n ener ies ran in o from I0 to I. I .V. Hertel nd W. St ll, Advances in Atomic and .

s 0 Molecular Physics Vol. 13 p. 113 (1977) .

. . .F. Re i .ter e tal, Phys Rev 2

We a'.so Yav, ,eaured the ratio at electron ener'? ' . W. -eilan : t al, 7. Phys. A 307, 51 (1982)
4. . ,fuszliwer et a , Phys Pev---A 30, 1255 (1984) "' " .' J
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ELECTRON IMPACT EXCITATION OF ALKALI ATOMS

C. E. Bielschowsky and H. G. P. Lins de Barros

Centro Brasileiro de Pesquisas Fisicas. CBPF/CNPq 22290-Rio de Janeiro-RJ-Brasil

We have applied the Glauber approxima- tion is considered.

tion (GA) to the study of the following excita -.-

tion processes:

e- + X(ns) - e- + X(ms) and e- + X(ns) - e +

X(mp) where X is Li, Na or K. The interaction I _.-_

potential between the incident electron and

the atom has been approximated by: NO K

= - e2  + 1 + A e-r, (1) 100eV 60eV e

r, - rv I ,__ I I
where r1 and V are the coordinates for ""-

the incident and valence elcctrons respective- '-.-

lv. The last term represents the averaged ,,_ "

spherical potential which describes the inte- ' o
raction between the incident electron and the"*

core electrons plus N-I nuclear charges, where _ ... * zti
N is the atomic number. The parameters A and ,

X were obtained by fitting a numerical poten- 'o ".
40 so 0 40 s0

tial generated through a Hartree-Fock-Xa pro-
I0) SCATERING ANGLE IEGEF (A)

gram.

Applying (1), the Glauber phase is:

X -2 n s + 2A K0 (Xb) (2) FIGURE 1 -a) Scattering Cross Section for the

process e- + Na(3s) e- + Na (3p) at
100 eV. YFC = Yukawa-Frozen-Core

where k0  is the linear momentum to the inci- approximation. IFC = Inert-Frozen-

dent electron, 6 is the classical impact pa- Core approximation. = Experimen-

rameter, s is the projection of , on the tal results
3
.

plane perpendicular to and K0  is a Bes-

sel function. We have called this approxima - b) Scattering Cross Section for the

tion Yukawa-Frozen-Core (YFC). When A=O the process e + K(4s).e * K(4p) at
60 eV. IFC =Yukawa-Frc-en-Co.

Inert-Frozen-Core' (IFC) approximation is
obtained. approximation. IFC = I,ert-Fro:en-

The atomic wave functions have been des- Core approximation. Experimen-

cribed by ortogonal Slater-type orbitals. tal results' (54.4 eV)

Applying the method proposed by Thomas and REFERENCES:

Chan 
2 

and using explicitly the ortogonality of 1) Walters, H.R.J. - J. Phys. B: Atom. Molec.

the spin-orbitals, after some further analiti- Phys. 6 (1973), 1003

cal developments, we have been able to express 2) Thomas, B.K. and Chan, F.T. - Phys. Rev. AS

the scattering amplitude, for the processes (1973), 252

described above, in terms of one-dimentional 3) Buckman, S.J. and Tcuhner, P.O.J. - J1. Phys.

integrals. B: Atom. mlolec. Phys. 12. (199), "41

Figure 1 shows typical results for the 4) Buckman, S.J.; Noble, C.J. and Feubner. P.,.

differential cross sections. Our results show 0. - J. lPhys. B: Atom. Mlolec. Phys. 12

that GA predicts reasonable cross sections in (1979) 3077

the intermediate scattering angle region, also This work was supported by Brazilian Agency X

for alkali atoms, as long as the core contribu CNPq.

_ .NI.
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INELASTIC ELECTRON SCATTERING FROM SODIM AND MAGNESIUM . , .•

N.J. Brunger, S.J. Buckman, J.L. Riley, R. Scholten and P.J.O. Teubner

School of Physical Sciences, The Flinders University of South Australia,
Bedford Park, South Australia 5042, Australia

The recent development and application of a data and the present results in absolute value but

coupled channels optical theory to electron scattering we find significant difference in the shapes of the
*" from light metal vapours by McCarthy, Mitroy and cross sections at all energies. For example at both

Stelhovizs' has demonstrated the need for reliable 40eV and 20eV we find structure in the cross section

differential cross section measurements in the energy at middle angles which is similar to that observed in air

range from 10eV to 40eV. elastic scatteringG. Thus our data demonstrate that

We have measured differential cross sections for a distorted wave calculation would be profitable. % 
" 
" -

the excitation of the 3'P state in sodium at 22.1eV and No theory exists with which we can compare our data. -

34.4eV over the angular range from 2
° 

to 140'. A

major effort has been made at 54.4eV to resolve the References

discrepancy between earlier results from this 1. I.E. McCarthy, J.D. Mitroy and A.T. Stelbovics,

aboratorv and those of Srivistava and Vuskovic'. In J.Phys.B in press.

a scries of experiments we have been able to demonstrate 2. S.J. Buckman and P.J.O. Teubner, J.Phys.B:Atom.

the dominant role which data for scattering angles less Molec.Phys. 12, 1741 (1979).

than 100 play in the determination of the absolute 3. S.K. Srivistava and L. Vuskovic, J.Phys.B:Atom.

value of the cross sections for intermediate energy Molec.Phys. 13, 2633 (1980).

inelastic scattering in sodium. This forward angle 4. E.A. Enemark and A. Gallagher, Phys.Rev.A 6, 192

behaviour has implications not only for the absolute (1972).

value but also for the shape of the differential cross 5. D. Leep and A. Gallagher, Phys.Rev.A 13, 148

section at backward angles. This point will be (1976)

explored in detail as it is narticularlv relevant to 6. W. Williams and S. Traimar, J.Phys.B:Atom.'Molec.

the recent theory of 11cCarthY et al where the - 9 . II, 2)321 (1978).

calculations overestimate the cross sections for

scattering angles greater than 600. Our measurements

at 22.leV show the same disagreement with the data of

Srivistava and Vuskovic' and with the theory'
.

A modulated crossed beam technique was used to

measure the angular distributions of the inelastically

scattered electrons. The absolute values were

determined by integrating the angular distribution

and normalising the data to the known total cross . ' "

section'. A generalised oscillator strength

formalism has also been used to provide absolute

cross sections. The comparison of the two techniques L

has consequences for the ,alidity of the First Born

approximation at these energies.

A modulated crossed beam technique has also been ."-

used to measure angular distributions for the

excitation of the 3
1
P state in magnesium over the 4'ip A

angular range from 30 to 130o at incident electron

energies of 10, 20 and 40eV. The absolute values of

the differential cross sections have been assigned by

integrating the angular distributions of the 3
1
P state

of Leep and Gallagher
'
. The data are compared with

previous experimental values of Williams and Trajmar .

In general there is good agreement between the previous

%-

v-'i'l_
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Excitation of Core in Li

S. N. iwary*+ %V., _

*Department of Physics, Morehouse College

Atlanta, Georgia 30314, USA

+Adjunct Professor, Department of Physics, Atlanta University

Atlanta, Georgia 30314, USA

Wel-
2 

have explored the possibility of using

the asymptotic Green function approximation (AGFA) .-. ,,,

to study elastic and inelastic collision processes

in atoms and ions by electron impact in the low,

intermediate and high energy range employing single-

* configuration Hartree-Fock (HF) wave function. Our

investigation indicates that the AGFA is capable of

producing reasonably good results but one should em-

* ploy adequate wave function of the target specially

for the heavy systems.

The primary purpose of this work is to see the

impact of using the configuration interaction (CI)

wave function within the AGFA in the analytic form

as in our earlier work
3 
on the cross section of the

excitation of core-electron in Li by electron impact.

The result will he discusspA, "

* References

1. S. N. Tiwary, Phys. Rev. A 28, 751 (1983)

2. S. N. Tiwary, J. Phys. B: 14, 2951 (1981)

3. S. N. Tiwary, A. E. Kingston and A. Hibbert, J.

. Phys. B: 16, 2457 (1983)
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A LEAST-SQUARES APPROACH TO ELECTRON SCATTERING

A. L. Merts and L. A. Collins

Group T-4, MS B212, Los Alamos National Laboratory, Los Alamos, NM 87545 USA

We we have applied a least-squares (LS) technique and expansions of five or six terms were sufficient to

to the solution of sets of coupled differential equa- produce accurate scattering information. The computa- , . -,

tions that commonly arise in electron scattering from tional times are comparable to those for new asymptotic%

atoms and molecules. We formulate the LS prescription methods involving the combination of propagation and
4 _

by invoking the following steps. First, we expand the accelerated expansions and generally much faster than .

scattering wavefunction in a basis of radial functions. pure propagation prescriptions.

Second, we substitute this expansion into the radial Work performed under the auspices of the U.S.

Schr~dinger equation and derive a system of matrix Department of Energy through the Los Alamos National

equations for the linear expansion coefficients. These Laboratory.

matrix equations are of dimension NexN by NcxN where
P c ' References

the number of channels, radial mesh points, and basis

functions are given by N', Np, and N t respectively. I. A. L. Merts and L. A. Collins, J. Phys. B 18, L59

Third, we impose the LS constraint that the square of 11985).

the error be a minimum with respect to variations of 2. P. G. Burke and H. M. Shey, Phys. Rev. 126, 147
(1962). ' -- '' -

the linear expansion coefficients. This constraint (1962).

leads to a second set of linear equations in terms of 3. L. A. Collins and B. I. Schneider, Phys. Rev. A

square matrices of order N xNc . We solve this system 27, 101 (1983).

of equations by standard linear algebraic techniques. 4. C. J. Noble and R. Nesbet Comp. Phys. Comm. 33,
399 (1984). - . - . -

One particular advantage of the LS approach is the 399.(1984).

ability to extract the error in the solution at each

radial point rather than as a averaged quantity. This

allows a systematic evaluation of the validity of the

basis in each region of space and can lead to a better

choice of expansion functions.

We have applied the procedure to local sets of

coupled differential equations in various scattering

regions. In the internal region (R < 10 ao), we per-

formed calculations on the Huck model of coupled square

wells. We obtained excellent agreement with the exact

results by employing a basis of four or five simple

polynomials and radial meshes of ten to twenty points.

We also applied the technique to the intermediate-

asymptotic scattering regime (R > Ra 10 ao). Our

basis resembled the standard Burke-Shey form, con-

sisting of inverse powers 'f the radial variable modu-

lated by a Bessel or Coulomb function. The LS solu-

tions at the inner boundary were matched to the R-

* matrix (function and derivative) obtained from a linear

algebraic calculations
3 

in the internal region (R < Ra ) '

- a
in which exchange and correlation effects were in-

cluIded. Since the correct asymptotic form is contained

in the L.S solutions, this matching leads directly to

the determination of the reactance matrix K. We have

applied the LS formulation to inelastic scattering of

electrons by Ii, Be , and 0
+ 5 

and to elastic scattering

from H2 ,'; and LiF. Radial meshes of fifty points

• _. . . _*

t *,. .***&'*. .;: . : . . . .;;i i: : ;
"..". " "• .". ':"e ". : Ce ,' .% '..',.' " ,'. ',". , " " •"." "" •" '" . "" . . . ." "" "" .. . . . .• ' " -, '--' - -, -" ',-i -,fe w -'
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EXCITATION OF THE 31.3P STATES OF MAGNESIUM BY ELECTRON IMPACT*

G.D. Menezes
+ , 

C.B. Pagan
+ 

and L.E. Machado" + .

+Instituto de Fisica "Gleb Wataghin", Universidade Estadual de Campinas, 13100 Campinas, SP BRAZIL !

+Departamento de Fisica, Universidade Federal de Sao Carlos, 13560 Sao Carlos, SP BRAZIL .

Total and differential cross sections for the ine- w. 0

lastic scattering of electrons off Magnesium atoms are

calculated for the excitation of the 3
1
,
3
P atomic levels

at intermediate incident electron energy. The general -" - '- - .

method used was the First Order Many Body Theory of

1 2,3
Csanak el al . Previous studies have shown some

instabilities in the calculation of the Mg scattering

orbitals. Using the Linear Algebraic technique, Collins

and Schneider
4 

have developped a computer code that does

not show these instabilities. We used that code in

obtaining the scattering solutions. The relevance of the

inclusion of correlation effects in the ground and

excited states is discussed. Also we calculated the

orientation and alignment parameters A and X that can be

measured by coincidence experiments. Our results are

compared with both theoretical
5 

and experimental .* :- . - -

results available in the literature.

References

I. G. Csanak, H.S. Taylor and R. Yaris, Phys. Rev. A3,

1322 (1971)

2. P.G. Burke and W.D. Robb, Adv. At. Mol. Phys. 11, 143

(1975) "-

3. Upublished results of G. Csanak, L.E. Machado and

E.P. Leal (1980) - .

4. L.A. Collins and B.I. Schneider, Phys. Rev. A24, 2387

(1981)

5. 1.1. Fabrikant, J. Phys. B: At. Mol. Phys. 13, 603

(1980) - . -" -.. - -

6. W. Williams and S. Trajmar, J. Phys. B: At. Mol. U U

Phys. 11, 2021 (1978)

• Work partially supported by Conselho Nacional de Desen-

volvimento Cientifico e Tecnologico (CNPq), Brazil,

under grant No. 1.01.10.033/83.

.. . . . .

... ...- . - ~ -- *.*. .'-' . ... .. ... .. ... .. ... .. .. . . o

.. . - . .. . . .. . ..
.*.°" .- . --



', - .IF .7 -

206 T10

ANGULAR MOMENTUM TRANSFER IN ELECTRON-HELIUM COLLISIONS
. %. .. %

J.P.M. Beijers, J. van Eck, P.A. Zeijlmans van Emmichoven, H.G.M. Heideman

Fysisch Laboratorium, Rijksuniversiteit Utrecht, Princetonplein 5,

3584 CC Utrecht, The Netherlands.

In this contribution we will report on the 2
1
P and dominating the electron-atom interaction at the larger

31P excitation of helium by electron impact. We angles. Thus at some scattering angle we may expect a

measured angular correlations between the scattered sign reversal in <L>. Due to the larger polarizability

electrons and emitted photons, which yields the of the 3 P state this sign reversal will probably occur
ibsolute value I<L>l of the transferred angular at a larger scattering angle than in the 21P case. For . r A*

momentum. In fig. Ia I<L> is plotted as a function of lower energies the incident electrons will on the

the electron scattering angle for 21P excitation at 80 average approach the atom less closely so that it may

eV. There is a clear indication for a node in I<L at he expected that the attractive polarization force can

an angle of 60. This gives strong evidence for a sign dominate the interaction over the full angular range

reversal of <D> at that angle, in agreement with a and no sign reversal occurs. Measurements for 3 at 50 a .- &

circular polarisation measurement of the 2
1
P . 1

1
S VUV- and 60 eV are in progress now. ,,

photons
1
. We also performed

2 
the same measurements at

incident beam energies of 50 and 60 eV, where no sign We wish to thank Dr. H.J. Beyer who send us his

reversal was found. results prior to publication.

For 3
1
P excitation we measured angular

correlations between the scattered electrons and the References
3
1
p* 11 coincident VUV-photons at 80 eV. The 

1
J.F. Williams in 'Proc. 13th Int. Conf. on the

contributions of 31S and 3
1
D scattered electrons, due Physics of Electronic and Atomoic Collisions, (Berlin,

to the insufficient energy resolution, to the 1983).

coincidence signal can be neglected at this energy. In 
2
J.P.M. Beijers, J. van Eck, and H.G.M. Heideman, J.

fig. lb a compilation of the existent data at 80 eV is Phys. B 17, L265 (1984).

given. The data points of Beyer et al.
3 

were obtained 
3
H.J. Beyer, private communication.

with a circular polarization analysis of the 31P - 21g 
4
N.C. Steph and D.E. Golden, Phys. Rev. A 21, 1848

photons, so they got the sign as well (a positive sign (1980).

for angles smaller than 73' and a negative sign for 
5
M. Kohmoto and U. Fano, J. Phys. B 14, L447 (1981).

larger angles). From our measurements we conclude that

a sign reversal occurs at an angle of about 65. Beyer
3  a . b5

also performed a circular polarization measurement at 
tO 1.0 .

50 eV, in which case they also found a sign reversal. i |

We can understand these results qualitatively with I(ij Q8

a classical grazing model
4
, in which a positive <L> is I'

associated with an attractive electron-atom interaction 0] O0

and a negative <L> with a repulsive interaction. A C

zero-crossing of <L> thus reflects a sign reversal of i

the interaction potential. From a quantummechanical 0 0202 L '02 '"" " " "

analysis
5 

it follows that <I) changes sign if the . I"

interaction between the electron and the atom changes 20 406 . . . o 00

sign. However, an attractive potential does not 20 sK.e s I ele40on 60terg egle 2e0 0 100

necessarily lead to a positive <L> and vice versa, as W

is the case in the classical model. The following FIG=U I Variation of I<L>l as a function of electron

picture now emerges. At 80 eV and large impact scattering angle at 80 eV. a) 2 P excitation ,.

parameters (small scattering angles) the attractive present data; A, Hollywood et al. (1979) at 81.2 eV; a,

Slevin et al. (1980); - R-matrix calculation of Fon
polarization force dominates the electron-atom8. b) Pectin

interaction and leads to a positive <L>. As the et al. (1980) at 81.6 eV. b) 31P excitation. 9, present

data;D , Eminyan et al. (1975); e, McAdams et al. "'
scattering angle increases the collisions become more ( A Beyer.

violent and the repulsive interaction with the core- (1982;.,' -y.,

electrons will become more and more important, finally

" .. . -- "- -.-*- - - - - -. , , - ' , _."- - . - . " -- . . "...,. . , 2 . ' 2_ .
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ANGULAR DEPENDENCE OF THE ENERGY LOSS SPECTRA FOR ARGON J

BY INTERMEDIATE ENERGY ELECTRON IMPACT

G. Gerson B. de Souza, Heloisa M.B. Roberty, C.A. Lucas and C.E. Bielschowsky

Instituto de Qufmica da Universidade Federal do Rio de Janeiro "

Cidade Universitiria - 21.910 - Rio de Janeiro - RJ - Brasil

As an initial step to the determination This could in principle be related to a possi-

of doubly differential cross sections for the ble failure of the Born Approximation or to an -. .

scattering of intermediate energy (1.0 keV) inadequate representation of the involved ex-

electrons by Argon atoms we have obtained an cited states. There can also be some contribu-

extensive set of energy-loss spectra in the an tion to the measured intensity at 11.8 eV from

gular range of 2 to 20 degrees. the 3p
5
(4p, 4p') states.

We have used a crossed-beam type elec- A very interesting angular behaviour can

tron energy-loss spectrometer which has been also be observed (Fig.l) for the autoionizing

described earlier'. It features a Mollenstedt states of Argon which appear around 27 eV ener

- electron velocity analyzer and a triode gun as gy-loss

-. the electron source.

In figure 1 we present two typical spec- o % .

tra, measured at 4 and 12. The incident ener AM

gy is 1.0 keV, the energy resolution is appro-

ximately 1.4 eV and the energy-loss range is -B0000.o.oXIMA,,o".

0-100 eV. T "S 00"0

00'

0.'o . .'' ''''"1 . .... . . .
000'! -

0o0 0 o 2 '0

FIGURE 2 - GOS for the excitat ion to the

5. 450 , 50 ,3p (4s,4s') levels.-,50 150 450 750

Financial support from the CNPq, FINEP and

_________________________FUJB is gratefully acknowleged.

FIGURE 1 - Electron energy-loss spectra of ar- REFERENCES:

gon at 1 keV 1) G.G.B. de Souza, A.C.A. e Souza. R. de B.Fa

The differential cross section for the ria, in Electronic and Atomic Collisions,

*'i excitation to the 3p
S 

(4s,4s') unresolved le- J. Eichler, . Fitsch, I.V. Hertel, N.Stol
Terfoht and U. Wille, editors. North-Holland...

vels (11.8 eV energy loss) has also been mea-

sured and normalized to the elastic absolute Amesterdam, Oxford, New York and Tokyo 1983

values of Jansen et al'. The corresponding ge- (agen 707

neralized oscillator strengths are shown in fi ) .-J.L".e o.J, Va

gure 2 along with the Born-type calculations Wingerden B and Blaauw Ii.J. 1976 J. Phys.B:

of Ganas and Green3. At. Mol. Phys. 9, I5-212

o a s uin g aG 10e e xperim3) P .S . Ganas and A .E .S . Green , Phys . Rev . A4 , . '. ".~~~~~A s s u m i n g a 1 0 % e x p e r i m e n t a l e r r o r o n e--" . ..' ". , -,

can see a quantitative agreement with the theo 182 (1971).

retical values for K
2 

< 0.4 u.a. For larger K'

values, however, a poor agreement is observed.
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J A STEPWISE ELECTRON AND LASER EXCITATION STUDY OF THE 6 P2 METASTABLE STATE OF Hg 6

C.J. Webb, W.R. MacGillivray and M.C. Standage

School of Science, Griffith University, Nathan, 4111, Queensland, Australia '. "- -

(1-4) -

In a series of papers we have reported on determined. Experimental values are shown in the

experimental and theoretical studies of stepwise figure for the 200-isotope 6 P2 state. Measurements

excitation processes which use a combination of electron are compared with the results of a recent close

excitation followed by laser excitation of atoms to coupling calculation by Scott et al . Agreement is

determine atomic collision parameters. Here, reasonable with the energy spread of the electron beam

experimental results are reported for a stepwise precluding observation of the sharp rise in the

excitation study of the 63P2 metastable state of Hg in theoretical curves at threshold.

which the relaitive partial total cross-sections have

been determined for the Zeeman substates. The use if a 1.2
single-mode c.w. dye laser and atomic beam techniques

isotoes ofHg, n thi cas the 00 iotope oa1,1•1 .t
allowed information to be obtained for particular 1.0

isotopes of li,, in this case the 200 isotope. Poo.,.

The excitation scheme used in this experiment 0.6 1
involved electron impact excitation of ground state Hg

atoms to the 63P2 state followed by further excitation 0.4- - P222

using 546.1 nm laser radiation to the 73S1 state. 
Poo

Fluorescence is monitored from stepwise excited atoms 0.2
decavisz to the 6'P0 state. Details of the experimental

2,6)6.arrangement are given elsewhere The excitation 5.5 6.0 6.5
geometry consists of anti-collinear electron and Electron Energy Cey)
linearly polarized laser beams (polarised at angle &

to the vertical) with the fluorescence being detected at

right angles. Polarisation measurements were performed Re ferences "' '''
with a linear polariser at angle 3 to the horizontal. References

1. McLucas, C.W., MacGillivray, W.R. and Standage, M.C.
Care was taken to eliminate sources of systematic error.

1982a, Phys. Rev. Lett. 48, 88.

Because the 6 P2 state is metastable the laser encited 2. McLucas, C.W., Wehr, H.J.E., MacGillivray, W.R. and

6
3
P2 -7

'
S, (546.1 nm) transition saturates at low power. Standage, M.C., 1982b, J. Phys. B. 15, 1883.

These effects were eliminated by working at very low 3. Webb, C.J., MacGillivray, W.R. and Standage, M.C., --.

laser power (0.2 mWmm-2). Radiation trapping effects 1984a, J. Phys. . 17, 1675..

were found to be negligible, however, because of the 4. Webb, C.J., MacGillivray, W.R. and Standage, M.C.,
1984b, J. Phys. S. 17, 2577.

long 63P, state lifetime, determined by the transit time 5. Scott, N.S., Burke, P.G. and Bartschat, K., 1983,

of the atoms through the laser beam (5s), polarisation J. Phys. B. 16, L361.

measurements were found to be very sensitive to small 6. Webb, C.J., MacGillivray, W.R. and Standage, M.C.,

magnetic fields. submitted, J. Phys. B., 1984.

Stepwise fluorescence line polarisations were

measured over a range of electron beam energies from

5.25 to 6.75 eV. The line polarisation is related to

the partial total cross-sections of the 63P2 state by(3)

6Qjiooo - 6022/OO - (1 + Cos2a) ,
(a) 601I/POO + 6022/P3 + (I + Cos2a)

where xx are the partial total cross-sections for the

Zeeman substates. Measurements of P(a) for two values

of laser polarisation angles a = 0' and a = 90* enables

the ratios of the partial total cross-sections to be

%'0
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STUDY OF ELECTRON IMPACT EXCITATION OF METASTABLE MERCURY STATES

USING STEPWISE ELECTRON-PHOTON EXCITATION

GF Hanne, V Nickich, and M Sohn

Physikalisches Institut, Universitat Munster, Domagkstr. 75, D-4400 Mlunster, West Germany

The population of the metastable Hg (6 P0 2 ) states which state are compared with calculations of Bartschat
2
.

have been excited by electron impact with unpolarized The experimental ratios are larger than the calculated o-e.
1
. -.. ,

electrons has been studied using stepwise electron-photon ones but the general behaviour is reproduced. The sharp . *. -
excitation and observation of fluorescence emission. The decrease of the theoretical values close to excitation

excitation-emission scheme is illustrated in figure 1. threshold could not be observed in the experiment because -1,

of the limited energy resolution of the electron beam

(about 180 meV). - -.--

pL h.. .... ,

.6_ P2 0.8 "- ". 2- '

/-P f7,j.
0.6

0.4e
ee 0.2-

6 0 65 S.3

(a) (b) 0.80.8
Fig.1 0.6

Mercury atoms are excited from the ground state to the 0 0 .4

6
3
Pstate (a) or 6 

3
P state (b) by electron impact. The , 0.2 -'.-' ---

electron beam was produced by a directly heated LaB C 1."

cathode followed by a monochromator and a lens system " -

- Electron energy (eV) - .-
wnich enabled the electron beam to operate at collision -

energies between 4 and 8 eV. The second step was a laser 1.0

transition (hvL) from e.g. Hg (6
3
Po) to Hg (73S) (Fig. 0.8 -

1(a)). The laser photons were produced by a pulsed 0 0.6

excimer/dye laser system. The fluorescence emission (hvf) 0.4

from Hg (7 3S1) to Hg (63 P2 ) was detected by a photon

analyzer system which consisted of a linear polarization

analyzer, an interference filter to select one of the t 1.67S _ ( 3P 1.4 ..L--.-''-,'

(6P 0 ,1,2) transitions and a photomultiplier 1.4

~ .2
tube. ,

The intensity of fluorescence emission is given by: 0.
If c M QM.-

M
1.0

where QM is the total excitation cross section of a - 0.8
magnetic sublevel with quantum number M. and the cM 0.6 - ,.--M CY0 .
depend on geometry, the laser polarization P and the 0

L
position of the polarization analyzer described above. Z 0.2

The intensity of fluorescence emission is a measure of 5.5 5.9 6.3

the excitation function, and by rotating the linear laser Fig, 2
Electron energy (eV) -" . -

polarization as well as the polarization analyzer the

ratios Q /Qo, Q/QO and can be Obtdined. REFERENCES

The results are shown in fiQ.2. Tht eCitdtLOil

functions are compared with calculations of Scott 1. NS Scott. PG Burkt. arid K Bartschat. ,'--

et al1  (R-matrix approdch with spir, Orbit interaction J. Phys. 3 16. L361 1983)
terms in the Hamiltoniari'. Thy r. , lts fcr 2, 0 . Bartschat,

and Q2/Q1 for elertron IIodIt -x itdtior, ,f thi 6
3

P2  thr. s. Urilversitat Munster 1984"

.- :.:.-..:-::.:.
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A OENSITY FUNCTIONAL APPROACH 20 ELECTRON-MOLECULE RESONANT SCATTERING ,"*

2 *

L. Malegat, M. Le Dourneuf, 11. Tronc *

* Laboratoire de Chimie Physique, Universitd PARIS VI, 75005 Paris, France

*2 Observatoire :e Paris, 92100 Meudon, France ____

Accurate methods have been developed for spin polar.ed free electron gas, and ev luate it at - -

" treating exchange and correlation effects in electron each point -- from the spin densities 0.( occuring '

" scattering by simple atomic or molecular targets. Ho- in the real system at this point.

wever, the need for simple models remains obvious,

especially for developing extended calculations at a - Following previous work from Padial (3), we

qua.itative level of accuracy on series of molecules are then studying the use of these exchange correla-

including heavy ones. tion potentials in electron scattering by molecules.

- Density functional theory provides a very - The limitations of the method are threefold

- attractive description of exchange and correlations in the only channel of interest in the collision process

'he grrund state of any N-electron system. For a clo- must be the molecular ground state. The colliding elec ,.

sed shell molecule a one ectron effective potential tron must have sufficiently low energy to be approxi- *".

Veff (P may be derived by minimising the total mately equivalent to an 'average' target electron. We -. -

efergy with respect to the density n can relax this constraint a bit by multiplying the

exchange correlation potential by the energy dependent

Veff (r) = Vnu c (r> )n(')d' + n( dE factor F hko ,which is derived from Slater's calcula-

tion of the exchange potential in a plane-wave model,

Exchan, e and correlation are represented by the first and evaluating it in a local density approximation

derivative of an unknown functional of the density. (figure 1). The method provides the short range part

Within the'local density approximation', we use the of the correlation potential only, which must then be

exchange-correlation functional (,lculated for a joined to the well known long range part often refer- -.* .

paramagnetic free electron gas , and evaluate it at red to as the polarisation potential (figure 2).S each point t from the density n(r' occuring in the
real system at this point. For an opn shell molecule, - The density functional model has considerable

" a one electron effective potential V f )is Simi advantages compared to other simple models : it provi-

- larly derived for each spin orientat on E, by minimi- des a parameter-free correlation-polarisation poten-

sing the total energy with respect to the spin dnsity tial. Exchange and correlation are described coheren-

2X2 matrix whose diagonal elements we note ( (r: tly. Open shell targets may be treated very simply %

4 ( . by the use of the spin polarized formalism. We will

V eff (A I=V (r) + n(r7)dr' + dE x tudy the validity of the correlation polarisation

f A1r rEr-1 d model bj comparing exact exchange calculations of the

n( ( + 2,3 eV flg resonance in N without correlation, and

with the present model, in its plain or energy-depen-
, ~ ~Within the 'local spin density approximation' , we use dent form. we will assess similarly the reliability of i:.-.-.::::1

the exchange correlation functional calculated for a the exchange potential by comparing the location ob-
FIGURE 1 FIGURE 3 ained for the N2  r'g resonance using our best corre-

lation potential and various representations for ex-
DC. change : the cuasi exact 'separable approximation', .

2 r" the Hara free electron gas model, and the present one
fo v=-3 again in its plain or energy-dependent form. We will , . - .

.80 at 65* compare the results of the spin-independe t3 and spin-

0.1 , '%polarized formalisms in the case of the 171, 15eV

a35 .6 resonance in the open shell NO molecule (figure 3).
Preliminary results in an 'extended Hara exchange +

A energy independent correlation-polarisation' model are

displayed in figure 4. Detailed results will be presen

ted at the Conference.

- / k ) 1 1 . 1 . 1R e f e r e n c e s ..

" ______________ 1. W.Kohn, L.J. Sham, Phys. Rev. 140 A 1133 (1965)
FIGUFE 2 -I(rOl) TT (NOT7 2. W.J. Carr, R.A. Coldwell-Horsfall--, A.E. Fein,

I a . U \~~~I/Phys. Rev. 124 747 (1961)

ZN. T 3. N.T. Padial, D.W. Norcross, Phys. Rev. A 29 1742

"" .3 , . ' ./~\* (1984)

.' '..'.'.-'.'''2.. -

. 24

6 B .. % "10 20 0 ."
FIGURE 4
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TRANSITIONS OF MOLECULES BETWEEN HIGH-ANGULAR-MOMENTUM STATES

Isao Shimamura and Amulya C. Roy

RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama 351-01, Japan

Recent developments in experimental techniques have the cross sections (E)do(J-JtJ.J)/d. for energy loss by %

led to measurements of an increasing number of cross the electron increases with J in proportion to J for
sections for electron-molecule collisions to an increas- high J. The sum of the two energy-loss cross sections
ing accuracy. The cross sections for state-to-state for J,=JtAJ, however, is nearly constant for high J.

1
,
2

rotational transitions, rather than the averaged cross This is to be compared with the recently proven sum rule

section, are, however, extremely difficult to measure for the energy-loss cross section.
4
,
5

directly. This is because the energy resolution of We have generalized these results for symmetric-top

electron spectrometers is too low to resolve rotational rotators. They have a well-defined quantum number K (-J

lines, which are closely spaced, in the energy-loss <K<J) for the projection of the rotational angularmo-

spectra. Reliable theoretical calculations are too mentum onto the body-fixed symmetry axis. We have proved

cumbersome to carry out for many different initial and the following high-J formulas:

final rotational states; molecules are normally distri-

buted among many different rotational states. One of d(JKJMJ,K')/dw = C( 'J )[1±(A32)J-+o(j- 2
) (2)

the present authors, however, has noted that most mole- o .r

cules occupy high-lying rotational states J, and has for transitions with K = K' and

derived simple formulas for the cross sections for tran-

sitions of linear and spherical-top rotators from high do(JK-JK')/dw A(AK)[1+O(J
-2

) ], (3)

rotational states J to high rotational states J'=JtAJ.
1
'

2

The main virtue of these formulas is that they give the a (JK J±.'J,K')/d,, A( J , K)

cross sections for the transitions J-JtAJ for any high J x['&( J/2)J 1 
*1J(KA K) , +O .j- 2

):L
in terms of a single unknown parameter independent of J.

The present work is a generalization of these formulas for any K and K', where s=sign(K-K). If the rotator has

for transitions of symmetric-top rotators, a plane of symmetry, A(AK), A( J , 'K), and A'( J ,:K)

Main results for the transitions of linear rigid are independent of the sign of 'X=K'-K. Equation (2)

rotators are first summarized. Assume that the collision involves only one parameter that is common to all values

time is much shorter than the rotational period, which of J and K. Equation (3) depends only on A K and not on J
is of the order of -10"

12
s. This assumption, namely, the or on K. Equation (4) expresses all cross sections in

sudden collision assumption is equivalent to the assump- terms of only two parameters that depend only on Iil
tion that the electron temperature be higher than the and '.K and not on J or K. In all of these cases the two

rotational temperature. Without any further approxima- cross sections for J'=Ji'J approach the same limit as

tions it follows for J>>JlJ! that
1 , 2  

J-, one from above and the other from below in a nearly

symmetric way, as in the case of linear rotators.
do(J-Jt^J)/d. = C(IAJ )[1±(tJ/2)J-

1
+O(J-

2
) ]. (1) These results are applicable to rotational transi-

tions, in the sudden approximation, due to collisions
The two cross sections du(J-J+AJ)/dw plotted versus J with electrons, positrons, atoms, and ions, to photo-

approach a value C(IAJl) common to both as J.-, one from absorption, and to photoionization.

above and the other from below in a manner nearly sym-

metric with respect to the horizontal line that aims at References

the limiting value. The sum of the two cross sections 1 S u y uco u l1 .I hmmrSmosiu on Elctono-,:o ocule Colli!! ii!!!:
do(JJt6J)/d is 2C( AJ )[I+o(J- 2

)] and is nearly inde- sions. Invited Papers, cds. I. Shimamura and M .MatuzwaUnv. Tokyo, 1979); Chem. Phys. Lett.7,
pendent of J for high J. This partial-sum rule is to be Matsuzawa ( U o ,1 m. 73,

pendent328 (1980).
compared with Drozdov's sum rule that the sum of do(J- 2. I. Shimamura, Phys. Rev. A28, 1357 (19 1).

J')/d. over all J' is a constant independent of j.3 3. S. I. Drozdov, Soy. Phys. JEIP 1, 5)
1 (1955); ibid.,759 (1956). 7

Because the rotational energy Er(J) is BJ(J+1), B 4. I. Shimamura, Phys. Rev. AL, 3350 (1931).
5. I. Shimamura, Electron-.olecule Collisions, eds. ".being the rotational constant, the transition energies Shimamura and K. Takayanagi (Plenum, New York, 1 .n-."

AE for a fixed value of AJ are linear in J. Therefore, Chap. 2. . .. . .,.

° a
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ELECTRON SCATTERING FROM POLYATOMIC AND DIATOMIC TARGETS

VIA A FULLY AB INITIO TREATMENT OF INTERACTION

F. A. Gianturco , U. T. Lamanna*, A. Palma and L. Pantano

Department of Chemistry, University of Rome, Rome, Italy.

• Department of Chemistry, University of Bari, Bari, Italy. - .

The accurate treatment of electron-molecule inte- (ii) The exchange interaction was obtained from the Harss, -

factions starting from first principles has been so far and the asymptotically adjusted versions of the free . ...

a rather elusive result unless simple diatomics were electron-gas (FEGE) exchange approximation introdu-

considered. Even for such cases, however, the computa- ced earlier for polyatomic targets

tional efforts have been rather massive and limited, as (iii)The polarisation-correlation potential was generated

a consequence, the range of energies which could be via the molecular density obtained in (i), within

considered during the scattering process. the local electron-gas theory for the short-range re-

A few years ago we begun 1,2 a series of studies gion and via the asymptotic form of the polarisation

on polyatomic molecules by performing a parameter-depen- potential in the long-range region.

dent calculation of the full interaction and found (iv) Rotationally inelastic cross sections, integral and %

reasonable agreement with the available experimental differential, were obtained at high collision ener-

data. More recent efforts have modifies in the model gies (above 20 eV) in the lab. frame and via the 1OS

the way in which polarisation and correlation forces decoupling scheme. In the low energy region (down

are included so that both molecules of the AH type to < 1 eV), total cross sections were computed'

5 nan itmc5 n ° ?". ". w .

and diatomics can be treated via a fully ab-initio po- within the Fixed Nuclei approximation. Some of the -

tential form. preliminary results are shown in Figure 1 for the .

In the present study we have addressed the problem HF molecule, where one sees the direct bearing that

by performing the following steps: molecular change distributions have on the behavi-

(i) The target wavefunctions were generated at the SCF our of the exchange potential at various collision

level by using a one-centre-expansion (OCE) of a energies. Further results on CH4 and H20 will be

large set of Slater orbitals, so that a fairly res- presented at the Conference.

listic description of the static interaction was ob-

tained ; References
1. F. A. Gianturco and D. G. Thompson, J. Phys S 9,

L 383 (1976).

2. idem, J. Phys B 13, 613 (1980).

31 5 7 3. A. Jain and D. G. Thompson, J. Phys B 15, L631(1982).
1 _- ' 4. idem, J. Phys B 16, 1113 (1983). Rev..A29,.1742

a -1(95. N. T. Padial and D. W. Norcross, Phys Rev. A29, 1742
S_.Vn (19O4.Ap

6. F. A. Gianturco and D. G. Thompson, Chem. Phys.
14, 111 (1976).

-- HF 7. S. Salvini and D. G. Thompson, J. Phys B 14, 3797

EXCHANGE INTERACTION (1981).
,ES eV 8. J. O'Connel and N. F. Lane, Phys. Rev. A27. 1893

(1983).U
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EFFECTS OF COMBIN'ED V~ANFSTATIOY OF DIRZOT AtYD =3O A7 'T IACTIO-1

IN SLOW ELECTRON-LOLECL - COLLLSIC'Z

G.K.Ivanov and G.V.Golubkov

Institute of Chemical Physics, Academy of Science, Losco%, U33R

The dissociative attachment 'DA) and scat- and c[1isional tr- ansitions

* ~tering of slow electrons on molecules are con- ~ &+~~+~

sidered with halr of Heitler-type equation for

the collision T-operator by .1 resrectiveiw. ',hil- ne-l-ec1,in- of
the inelastic background rroceszs :en*

Heoeli>= , ii i1'2 R. e Yef 1 we Cet fron2 eq. (1) (-it ixde th e 3-i.-!_A1-
is the radial wave function of the free equation /I/ w..ith nonlocal optical notential'

electron normalized to the 6-function of

5 ~energyKe is its angular function with the /2><i

auantiz--;ion axis directed along7 the molecule .

XY, _Y,4- is the vibrational wave function, El*
is the electron energy in b -th channel. The eY OeI,/V 4
sum in (1) is taken only over open channels it io importont, however to point out thrat

0 ~the rotenti-al U rains an alditicnolt (s-hit)
For the K-matrix we use such representation torm due to bac!-,round soattorin(- which is

whicn provides to establish the direct connec- lac.:inCg in the confir..:-'ti-.n interaction then-
tion of the phenomenological parameters of the ry.
dynamic theory with the molecular adiabatic To illustrate the role oi inelastic back-

t e rms ground scatterine let us take the exp-ression

e for osnplitude of DA of u~ecuron 6c a non-

excited molecule at Wo < E <26-( is

k Z 2I' V~pa5$l l (2) the vibrationai quantum of XY, A = f~ e

V is the onerato- of electron-molecule late- 1

r)to, and are the electron wrave- ',(1Kf i{f/fpq

function and r2reen's function which describes V

the nuclear motion in j3 -th dissociative Pt is 1(kt* 1Aod K&

channa:1s. The su, reez o_"isoitie Iti shown the ji2~lastic bakground scat-

channels, 60,a'> = k Ir y
1  where the, tering T-oy increase the probability of DA by

nuclear function is taken at the energ7y E , means of direct vibratirnal excitation of no-

received by the nruclei in accordanc , Azi the lecule and its subsequent iecay. off this 3tate.

energy conservation law. The eq. (1) i7, oquiva-

lent, as ..iuy be shown, to onuation

Reference

T ~ ~ e 1<-/ z f) /T - d / ( 41T 1 .adly .h..,i ;~ 1'~

w 'hich takes into account the diq-sociativo,

channels on e,-,ual Croun,'. it the s.cattering

ones. Here

The following relation between the function ~
1,4W'i' andA.Ku~takes place-

The scattering and DA of slow e&cctrons ari
described by the amplitudes andLe, K

....................................... 
LI



. . -"- "*"..i -..

214 H53

SCATTERING OF LOW ENERGY ELECTRONS BY HCN AND CO

A. Jain and D. W. Norcross

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 80309 USA

We have recently used a parameter-free ab initio free model of the correlation-polarization interaction

model to study low energy electrons with linear mole- (both long- and short-range effects). We used a large

cules. '
2  

In this model, the total interaction poten- rTO hasis set in order to get a Hartree-Fock level ,'.. -

tial is composed of an exact static potential plus a wave function for the CO molecule. This hasis gave a %

change is treated exactly through a separable exchange 0.099 a.u. Our scattering results were first checked

approximation. This model has been highly successful against earlier work
8 

at the static-exchange level;

in reproducing shape resonances, in particular the excellent agreement was ohtained. The position and

well-known Ig resonance in N width of the f resonance (converged to better than 1%)
*g*

This model applied to the isoelectronic molecule were found to be 3.30 eV and 1.90 eV, respectively.

HCN yielded a similar f resonance,
3 

which is consistent When the correlation-polarization potential was added,

with experiments." The shape of the I resonance as a the resonance position and width changed to 1.85 eV

function of internuclear distance is qualitatively very and 0.95 eV, respectively.

similar to that of the N2 
1
g resonance. Its position Results for the resonance parameters as a func-

at equilibrium (in linear geometry) is about 0.4 eV tion of internuclear distance, and for total, momen-

above the measured position, suggesting that the geome- turn transfer, and differential cross sections in the

try of the HCN- is substantially bent. A broad Z reso- energy range 10
-3 

to 10 eV will he presented and corm- -..'A -
nance is obtained when the CH or CN bonds are stretched pared with earlier theoretical and experimental work

well beyond Re; the former appears to cross the neutral at the conference. The agreement with the latter is

curve at about 2.7 a.u., i.e., about 0.5 eV below the generally good, even at low energies. The one excep-

H + CN asymptote, the latter to approach the neutral tion is the Integral cross section at the resonance,

curve much more slowly and tangentially, for which our result is about a third larger than

Another isoelectronic diatomic molecule is CO, measured values. This may be due to the fact that

- which is aiso known to have a U structure at 1.8-1.9 eV; the differential cross section is strongly forward

the width of this resonance, as estimated from measure- peaked at the resonance, an observation confirmed by

ments
5 

of the vibrational excitation cross section, our calculations. The measurement was taken using a

is roughly 1.0 eV. There have been several proof-of- transmission technique, which discriminates against

principle static-exchange calculations for CO, but forward scattering. * 7"

these fail to predict the correct position or width of This work was supported by the U. S. Dept. of

* the R resonance. Neglect of correlation and/or polar- Energy (Office of Basic Energy Sciences).

* ization effects in the interaction potential was pre- References

. sumed responsible. The I resonance was also obtained 1. N. T. Padial and D. W. Norcross, Phys. Rev. A 29,

in earlier calculations,
6 

in which its position was 1742 (1984).
used to tune the cut-off parameter in a semiempircal 2. N. T. Padial and D. W. Norcross, Phys. Rev. A 2q, .@

1590 (1984).

polarization potential. In that work, the exchange 3. A. Jain and D. W. Norcross, Phys. Rev. A (sub-
mitted).

interaction was approximated by enforcing orthogonality 4. M. Inoue, J. Chemie Physique (Fr.) 63, 1061

of bound and continuum orbitals of like symmetry. Re- (1966); P. D. Burrow (see L. Ng, 1f. Balaji and
K. D. Jordan, Chem. Phys. Lett. 101, 171 (1983);

cent calculations
7 

employing an ab initio treatment of M. Tronc, private communication.

- exchange and short-range polarization effects yielded 5. M. Tronc, R. Azria and Y. Le Coat, J. Phys. B 13,
- m tt a e t r 1 n 0 e6 2327 (1980). -" "

much better agreement (Er = 1.72 eV and r = 0.75 eV) 6. N. Chandra, Phys. Rev. A 16, 80 (1977).
*with measurements. 7. S. Salvini, P. G. Burke and C. J. Noble, J. Phvs.

The present work is the first for CO to include B 17, 2549 (1984).p"

both an exact treatment of exchange and a parameter- communication cited in Ref. 7.
9. Ch. K. Kwan, Y. F. Hsieh, W. E. Kauppila, S. J.

__________________Smith, T. S. Stein, M. N. Uddtn, and M. S.
Dababneh, Phys. Rev. A 27, 1328 (1983). -- -

Staff Member, Quantum Physics Division, National 10. K. Jung, Th. Antoni, R. mfiller, K.-H. Kochem and
Bureau of Standards. H. Ehrhardt, J. Phys. B 15, 3535 (1982). .'. .

~ .~ ... z ~ .~ . .. . , -... *



-1;-. 1. 17w -- - s -

!AH54 215

THE INTERACTION OF LOW ENERGY ELECTRONS WITH RCL - ELAS'IIC SCATTFRING, VITBRAT IONA. FYCrIrATI1N, A%,A: V:qA

A. Jain,* D. W. Norcross,* t S. V. O~i * N. T. Paliial. and P. omu

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 803()9 17SA

Institute for Modern Optics, Department of Physics and Astronomy,

University of New Mexico, Albuquerque, New Mexico 87131 ISA
~JILA Visiting Fellow (1984-1985); Fachberich Chemie der J. W. Goethe Iniversit~t, D-60.1 Frankfurt VOR

Close-coupling calculations of vibrationally elastic mnerging with the neutral curve Is strongzly influenced

and inelastic scattering bave been carried out in the by the long-rangze dipole tail of the notential, caus- ..

ltipole-extracted adiabatic-nuclei (MEAN) approxima- Ing a cusp in the real part of the fixed-nucltei noten-

tion,l employing a new parameter-free model2 of the cor- tial energy curve of the anion stite. The threrhnl-

relation-polarization interaction .nd an exact treatment peak, in vibrational excitation are therefore a direct

of exchange. 3Calculated differential cross sections consequence of the polar nature of the molecule.

fur vv' = 00 provide a new absolute normalization for The present scattering, calculations indicate that

measurements 
4 

o f cross sections for vibrational exci- the anion state merges with the neutral curve at shouit

tation.- Vibrational excitation is quite sensitive to 2.6 a.u., thus %7-!.8 e%' below the H + C, as-imptote. .J~

the treatments of bo th correlation-polarization and This is In shiarn contrast to molecular structure cal-

exchange -- the notations in Figure I are: FBA, first culations o f the hound anion potenltiAl, which yielded

VBorn approximation; SE, with a free-electron-gas model curves that are essentially repu-,lsive, crossing the

K.of exchange; ESE, with exact exchange; COP, with cor- neutral curve roughlv '1,2 ekV shove the asymptote.

relation-polarization. In an attempt to resolve the difference between the -

iualitative behavior of the 1 2potential curve con-

0 q istent with the scattering results and that found In

hound state cal!ulations, (I Neil and Roqm,is are under-

,*-. taking_ verv large scale ab inio Rorn-OnPnenhelmer

Raomp SINDEA1.es N o5ElS acis osnnteH N system. -6v calculations-

2 a

2~~~~~~ A r bsd SECaOexhe'Pusfnobia bss

icacceel multi-confiizuration SCF, and a multi-reference CT.

~~~ To~e InParallel with, this study, we are in the course

-C. )f modifying the scattering code IC calculate bound
(SE)

(SO sta eq of the H,7 * e a-stem; I.e., a direct extension

of the scattering calculations to negative enerbies

w (FDA)In the fixed-nuiclei approximation. Both calculations

/ - will focus on internuclear separations between 2.A and

. LETRO :eR ise. the So et7 on in which the 12and 11 potential

ELECRONENEGY 1V) LECRONENERY (VI urve inersct;results will he presented at the con-

Figure 1. Vibrational excitation cross sections.
This work was partially supported he the T'.S, rept.

of Energy (Office of Rasio Energy Sciences). f
The calculated eigenpbase sums for sigma symmetry as a

function of internuclear distance are completely consis- References

tent with a model
5 

postulating a single electronic state 1. T). N. Norcross and Pa3 -. 11iq , Phs Rev. A 29,

of NiC responsible for both a bound state at large In- 22A (I )RI).
2. N. T. eadiql and '). ' :or,,roSs, Pl'vs. Rev. & 2Q,

ternuclear distances and a resonance near equilibrium. 1742 (19C84).

3. R. 1. Schneider ani !.. A. 1lins ehys.; Rev. A 2,,
According to this model, the bound state correlates 1264 (1991); T. N. ien~~ nd A. e, rel, P~
asymptotically with the lowest dissociation state (11 + ev. 42!., 116' (I5~l).

C.-), and is attractive near the neutral curve. The K. . Rohr And F. !Ander, I. Pv ,22 171
.V.Domcke an,4 T_ R. 14,hu, .P.s.BI 14Q

__________________ A. '. Krauss inA ~.I qStsenS, 1 . ('hen. ml,vs 14
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ABSOLUTE ELASTIC DIFFERENTIAL ELECTRON SCATTERING CROSS SECTIONS FOR CARBON MONOXIDE

C. Mott and J. Nickel
University of California, Riverside, California 92521 USA

A program has been initiated at Riverside to mea- 2. S. Trajmar and D.F. Register in Electron-Molecule .

Collisions, eds. I. Shimamura and K. Takayanagi,
sure absolute electron impact differential scattering Plenum' Press, New York (1984)

cross sections for molecular targets. The first spec-='-" ~~~3, J.A, Giordmaine and T.C• Wang, J. Appl• Phys. 31,,- .w" -'
trometer which has been constructed is a cross beam de- e63 A. iran.ad C n Ap P 3

vice utilizing hemispherical energy analyzers and .46.

cylindrical electrostatic optics. The instrument has 4. R.H. Jones, D.R. Olander, and V.R. Kruger, J. Appl..

an energy range of 5-100 eV, and angular range of -100
-  Phys. 40, 4641 (1979)'

120 0 5. D.F. Register and S. Trajmar, Phys. Rev. A 29, 1785

and an energy resolution of 60 mV. It wil'l be (1984)

used to measure elastic cross sections of diatomic
6. H. Tanaka, K. Srivastava, and A. Chutjian, J. Chem.

in l les. 12Phys. 69, 5329 (1978)
Since we wish to use the relative flow technique

U to place the molecular cross sections on an absolute

scale, considerable effort is being invested to explore

the limits of accuracy of this technique in our appara-

tus. In the relative flow technique, the cross section

of species I is compared to species 2 through the rela- *, --

tion
- . 1I/2

I -- (1) -+-2

SN 2  Nm2(-) e2 I1 "-..... ''

.(7) is the DCS, m is the mass of the molecular species,

N is the gas flow rate, and N e is the scattered electron

count rate at the detector. Theoretical considera-

tions
3
,
4 

show that the above relation is valid provided

that the flow rate condition

N N2 ()(l2 N (2)

holds and that the mean free path of the gas behind the

capillary is of the order of the individual capillary

diameter or larger. is the molecular diameter. Ex-

periments suggest that under appropriate experimental

conditions, equation 1 is valid even for combinations

-.• of flow rates which violate equation 2.

Results of the relative flow investigation compar-

ing neon and helium will be presented. To give a

measure of how well our experimental technique works,

these results will be compared with those of Register

and Trajmar.
5  

In addition, oreliminary results of the

Fr elastic cross sections of CO
6 
in the incident energy

range of 20-100 eV and angular range lo°-1200 will be

." presented. -" ";"
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1. S.K. Srivastava, A. Chutjian, and S. Trajmar, .
Chem. Phys. 63, 2659 (1975)
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We have extended the R-matrix theory of vibration- frequently in multistate cac'tn.We ill' 1 s:ribe '[%

al excitation and dissociative attachment described by thie methnods 4e nave evolvedJ t, over_-oie thiese lilficul
-  

-
Schneider et all

. 
The formalism has been applied ti tiL a and present to re its w'Sb- ....... lable by

the case of electron impact on N2. F2 and H2 argets the time of tl ...... fe....... nnther felutjr ... h has- " -"":-
I"Qusing generalized versions ,)f the multi-centre R-matrix ela erte from the clculltanns alreaay nomd.tted is that

|'.method with numerically define: continuum basis fine- in many cases it is important to va'<e at least Some

tions which we 'ave previously used for calcsulations at explicit allowance for iissoriati1% processes if

fixel internuclear separations
2

. In the generalised appeariice of Spurious -:acs',s t" be avnijed. &t' _ -

R-matrix approach the f Rll Hamiltonan of the scatter-

ing system inclading nuclear kinetic energy and Bloch ... .
terms is iagonalized within a finite hypersphre by te methods wl Referenc e hes i

ai B.I. Schneider, nt . Lete oureest f ni P.. Birke,.
-. . hconfiguration space corresponing t values of theof t coference. ote fetr d. has

* sscattering electron coordinate r ua and to values f te 2. P. , Burke, .u. i'ons aG. alvin , J.Phys. t:a

inet.cea coodiat Rhs suhta 16, T.113 ([19,33!. w -methoiwthr numericallyr dfineRucnt in bai foutn i. L.A. Morgan tis i.. Nobl , t .n Pys B At. Mol.

io whThe Hamiltonian matri o is ual edfclu by expanling the Phys. 17, L36 ,1341.- .

fixed iternuclar sepaations
2  

In th genralse aprsocexi spriu r-tsnces to1 7, Kanided. L *

scattering wavefunction in the form of•thescatter-K a, y.

... Rev. Lett. 43, 1926 :197-)).
5. J. Tennyson, C.J. Nnble ani S. 511-1inl, J.Pliys. 3:" " "" "

"' = " I .N I;R) At.M~l. Phy's. 17, 905 1984). . .". - -
' '- < 13 1i "'" 13(RZk 6. J. Tennyson ani-C.J. N4oble, J.Piys.B: At. Mol. Phys. "'"'''"

• , .- - S " - . -

18 , 155 (1985). ' -. ,-

herel enotes a fixei-nuclear R-matrix state, 9 is

* ~ ~~ term isbaasi e w thin a fiie hypaevrareinaRfeene

constants. Generalized R-matrices are constructef on
"- the boundaries of the internal regi e and are ten use

to solve both the electronic and nuclear prhsle.Bs i n

the external reion s A t".. s 1 9

h e have use this appcuac; tth: Phys..17, 1369.19841.

vibratiilal excitation cr~ss seztions figr b !ti ;Lora-

tional excitation and lissgcxati, e itt ,h .nt _,r:3s i'". ,

sections for e4 - Fc Scattering. Ei.ienpiScho ir N arn. Phys.

also calczulatee. In th43 de 192 A. .

exchange plus polarization moie' tnl io s ,i 1 le I-t

resonant and non-resonant effects. olr ras.lt 4111 n y

compared t3 pr , US calcu1latL11S I'ni whre -is~LDe
exp- Rment. .Rts 9

In the 8an5 )2 ses, Crs-n- )f tle 'N-

electron R-matrix states ,re e9ter absent a* s

energies this was the situaton fua by vchn l ''
et a in their sinle-entre are, csalucte on. '.' [-"

the e - N 2 system) or infrequeno. By war te use , "* - ."-

we find for e- -H 2' scattering, Using a two_ -tot ,.--"
todel5v

6
, such crossings are extrenely numerls in-

thme extenlrion oftetaicteoyar zaa~qa

We conjecture that this situation will be encountre-

t e a a s t .h r

sections for-'- .- scattern. .--n-.- '. . "r-

i "-'i'also alcl ated.-:In-these..ca--..ai- in;. - -we v-- "..-'.- ise/ a i stat; '1- i ' :  -- '- . - .- :'. : .: : i"i .- ' .i.. -. "1':,2
-..... exchange .plus polariation .odel'.in an" " ';nv'lu :" "")-;---- ,'-": 'L - - ' ":.--:'.±'"",.',e h'' ''.-,''r. ": ,'''
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THE APPLICATION OF COHERENT RENORMALIZED MULTICENTER POTENTIAL MODEL (CR M.M) WITH INTRAM4OLECULAR
>WLTIPLE SCATTERING (1>15) TO VI1BRAT IONALLY ELASTIC AND INELASTIC ELECTRON -8H2 SCATTERING*.

Lee Mu-Tao, L.F.C. Botelho
+ 

and L.C.g. Freitas n

Departamento de Qurmica, 'niversidade Federal de Sao Carlos, 13.560, Sao Carlos, SP, Brasil .,

* Recently, tne conerent version of renormalized , .. ,

* multicenter potential model' including multiple

scattering effect has neen applied to study the elastic

* scattering of electron ay several molecules
2 - 3  

at the

intermediate and nign energies (20- 1500 eV). Despite

its simplicity, this theoretical model proves its

t ciiency to treat tae elastic e --molecule problem
particularl" at the higher incident energies. In this

abstract, ',c report toe extension of CRPIWM-IMS to obtain

tne cross secti:)ns of th e :i",rationaliN elastic and W
inelastic (0 - 1) scattering of electron by 82 in the

" 20 -81.6 eV energy range.

In this calculation, the static interaction .- -

potential is derived from the Wang's
4 

valence-bond type

,avefunction. Tie initial and final vibrational &re _._

uavefunctions are of Morse type. The intramolecular

multiple scattering is taken in account along the

formalism of iiavashi and Kuchitsu ; we include in this

. calculation up to double scattering.

Our theoretical result are compared with the

experimental measurements of Trajmar et. al.6-7. There , ,

is an agreement in the vibrationally elastic cross

Ssetions in tne covered energy range. Our vibrational a-

excitation ( 1 1) cross sections also agree b..% % J'

qualitatively with experiments, however, our theory

overestimates the magnitude of the cross sections.

kork supported by CNPq, grant nO 40.45835/82-Q. " "-* "- "

L.C. Sotl ic thanks CNPq for the scholarship. t -~.-
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THEORETICAL CROSS SECTIONS FOR LOW-ENERGY e-H, SCATTERING* . . "e

A. N. Feldt, T. L. Gibsont, M. A. Morrison, and B. C. Saha
Dept. of Physics & Astronomy, Univ. of Oklahoma, Norman, Okla. 73069 USA

We have calculated cross sections for the electron- REferences: .

ically elastic scattering processes I. A. M. Arthurs and A. Dalgarno, Proc. Roy. Soc. 4"
(London) A256, 540 (1960); R. J. W. Henry, Phys. ,.' '

e . H (vo,jo ) - e + H (v,j) Rev. A 2, 1349 (1970). . -

for target vibrational quantum numbers vo - O, I and 2. See M. A. Morrison, Austr. J. Phys. 36, 239 (1983)

v -0, 1 2, and for rotational quantum numbers j -0,1 and refs. therein.
3. M. A. Morrison, A. N. Feldt, and B. C. Saha, Phys. J-

and j - 0,1,2,3. Scittering energies studied range Rev. A 30, 2811 (1984).
from near each excitation threshold to I0.0 eV. 4. T. L. Gibson and M. A. Morrison, Phys. Rev. A 30,

2497 (1984).

These calculations were based on laboratory-frame 5. A. Temkin, Phys. Rev. 107, 1004 (1957).

close-coupling (LFCC) theory.' At low energies, the 6. H. Ehrhardt, L. Langhans, F. Linder, and H. S. Taylor,
Phys. Rev. 173, 222 (1968). A. . Robertson,

computationally simpler adiabatic nuclei (AN) theory' 7. R. W. Crompton, D. K. Gibson, and A. G. Robertson,

could not be used, as it yields inelastic trot sections Phys. Rev. A 2, 1386 (1970).
8. S. F. Wong and G. J. Schulz, Phys. Rev. Lett. 32,

th L are in error by hundreds of percent.' In the LFCC 1089 (1974).

calculations, sufficient channels were included to 9. F. Linder and H. Schmidt, A. Naturforsch. 26a, 1603
(1971).

converge the cross sections to better than 1%. Vibra- 10. J. W. Ferch, W. Raith, and K. Schroder, J. Phys. B

tional wave functions were determined by numerical solu- 13, 1481 (1980).
II. Robert Jones (private communication, 1984).

tion of the nuclear Schrodinger equation. 12. L. A. Collins, D. W. Robb, and M. A. Morrison, Phys.

Static, exchange, and polarization terms in the Rev. A 21, 488 (1980).

electron-molecule interaction potential were based on *This research was supported by the Office of Basic
newly-determined near-Hartree-Fock X'E+ wave functions at Energy Sciences, U. S. D.O.E., and by a grant (to MA,'

g from the Research Corporation.

II internuclear separations from 0.5 to 2.6 a . The urrent Address: Cal Tech, Pasadena, CA 91125, U.S.A.

-- s- ic contrihurion was calctilated from the H;:,~gfo

distribution by numerical quadrature. Exchange was '

treated via a local, free electron gas model potantiall; -LFCC

to obtain an exchange potential best suited to inelastic m REF. 9
,+ . 9

e-H2 scattering, this potential was tuned in the u ' 
+  

REF. 8
uRE.

electron-molecule symmetry. Polarization effects were ' .

incorporated using a variationally-determined, parameter- + a

free potential
4 

that takes account of non-adiabatic effects a
V

via a non-penetrating approximation. +" + LFCC

Figure Ia shows integrated LFCC cross sections for 0
REF. 6

the vibrational excitation (vo - 0) - (v - I): the sums . REF. 7

over final rotational states of ro-vibrational cross ON
sections for (vO - 0, jo - 0) (v = 1, j). These t o 2 0.00 60.00 1k.00 1,80.00 r

theoretical results are compared to cross sections ENERGY (eV) A Fge (be m n w r 
7 Figure la Figure lb

derived from beam
6 
and swarm' experiments.

Theoretical and experimental differential cross 9

sections at 4.5 eV scattering energy
s
8. are compared in VA- "'" 5.

Fig. lb. Agreement with beam data at other energies6 0

studied is comparable to that in this figure. 9 "4

For completeness, we show in Fig. 2 total integrated .-.

cross sections (summed over rovibrational states).'",'

The elastic contributions to these results were taken - FCC

from AN calculations in which exchange was included REF. 10 r

exactly via an iterative method'; the inelastic contri- 0 REF. II
th inelasticcontri-

butions came from the LFCC model-exchange study described C; . i0' 10

above. ENERGY (eV)

Figure 2.
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SCATTERING OF ELECTRONS BY HYDROGEN MOLECULE IN INDEPENDENT UNITED ATOM MODEL

N.S. Rao and H.S. Desai

Physical Research Laboratory, Theoretical Physics Area, Navrangpura, Ahmedabad 380 009, India '

** Physics Department, Faculty of Science, M.S. University, Baroda 390 002, India

In recent years, theoreticians
I 

(Khare and Table 1. Total Cross Sections in a.u., for elastic ,,;

Jhansar) have proposed an "independent united atom scattering of electron by H2.

rodel" (IUAM) to study the nolecular problems in terms of

atomic problems. This model is similar to AMI (indepen- _ _ _ _ _ _ _ _ _ _ _ _

dent atop model) and more reliable than IAI. Using this F eV Present Others
2

IUIA we studied the collisional cross sections for ela- "
100 9.88 9.01 9.25

atic scattering of electrons by hydrogen molecule in
200 5.86 s.76 5.89

the incident energy range from 100 to 800 eV. The pre-

sent results are found to be in good agreement with the 300 4.28 4.36 4.48

compared data 3.38 3.45 3.S6
S0 2.84 z.97 2.98

According to the TUAM
1 

the scattering is considered 600 2.44 2.5S 2.57 - .

in terms of the scattering by indenendent atoms again 700 2.16 2.28 2.24

centered at the various nuclei of the molecule but the 800 1.93 - 2.00

atom is obtained by reducing internuclear distance (R)

to zero. In the present paper, e-H2 scattering is con-

sidered in terns of two helium like atoms, centered at References

the two nuclei, each scattering indenendently. Half
3 1. S.P. KI-are and B.L. Jhanwar, XIII I.C.P.E.A.C.,

of the scattering amplitude from each atom is added 225 (1983).

coherently to obtain scattering amplitude due to 2. B. Van Wingerden et al., J. Phy. B 13, 3481 (1980)

molecule. 3. N.S. Rao and H.S. Desai, Pramana 17, 309 (1981)
] 4. N.S. Rao and H.S. Desai, J. Phy. B 1_6, 863 (1983) ::i

H . * Si 2 () . N.S. Rao and H.S. Desai, V-N.N.A.N.P., 69 (1984)

In the present work, the Born scattering amplitude for

helium atom" is improved
4 

by including third Born term

in the scattering amplitude to study the collisional

cross sections for hydrogen molecule through (1). The

differential and total cross sections (DCS, TCS) are 2i Z
calculated at E S800 eV. The TCS results are shown

2
in table 1 along with the other data . These results

are found to be in good agreemcnt with the compared . ". . ,

experiniental results 2 .

The present TCS can be further improved by the

Inclusion of exchange corrections
S
. The DCS results

will be presented at the time of Conference.

N.S.R. is thankful to Physical Research Laboratory,

AOmedabad, India, fo- the award of a Post-Doctoral

Fellowship.
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VIBRATIONAL AND RO-VIBRATIONAL DIFFERENTIAL CROSS SECTIONS FOR :LECTRON SCATTERING FROM H,

J. E. Furst, M. Mahgerefteh and D. E. Golden
Department of Physics and Astronomy, Univ. of Okla., Norman, Oklahoma 73019 USA

We have recently measured differential cross sec-

tions for the elastic scattering of electrons from He'

and H,', using a time-of-flight (TOF) technique, with

an energy resolution of 0.5 eV. We have now combined "

the TOF technique with an electrostatic hemispherical

monochromator, to obtain a higher energy resolution.

The electron gun gives an electron pulse of width
<5 aS. The stationar.y detector views electron .... at- o.

trdfrom the background gas. The count rate in this

detector is used to normalize the count rates in the

rotating detector, allowing for variations in electron

beam current and molecular beam density. This normali-

zation procedure is especially important at low energies

and together with the monochromator allows us to measure

vibrational ( v - 0 - I,tj - 0) and to-vibrational exci-

cation cross sections for H., from about I to 10 eV.

We have measured relative differential cross sec-

tions over the range 300 to 1200. These have been

placed on an absolute scale by normalization to our

standard He cross sections, which have been put on an

absolute scale by phase shift analysis. Total and

momentum transfer cross sections have then been obtained

from these measurements.

Re ferences
I. D. E. Golden, J. E. Furst and M. Mahgerefteh, Phys.

Rev. A 30 1247 (1984).

2. J. E. Furst, M. Mahgerefteh and D. E. Golden. Phys.". , ".
Rev. A 30 2256 (1984).
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AB INITIO POLARIZATION POTENTIALS FOR e- MOLECULE SCATTERING. . '

E. Ficocelli Varracchio and U.T. Lamanna. - *p :

Department of Chemistry, University of Bari, Via Amendola 173,
70126 Bari, ITALY. . rr-

An accurate theoretical study of low energy e - mo- eventually interested into a determination of the vibro- . %f-.

lecul. 3cattering r-q.:rea a detailed know ledge of the rotational excitation cross sections.

dynarica' polarizat nr.. :nduced on the target molecule The full equations of the theory, relating the

by tie c fiela of the colliding charged projecti- Bethe-Salpeter amplitudes of eq. (1) to the dynamical po-

le. Such a q,_amtit :s expected to be, in general. n n larization potential, along with explicit numerical re-

:ocal, energy ,or velocity' dependant and, at the same sults for the e - H system, will be illustrated in de-
2

ti-, it shou'd also contain ... its structure an exchan- tail at the C nference.

ge cnntr:bution, deriving from the :dentlty of the pro-

_ectil- and target electrons.

1. Gy. Csanak, H.S. Taylor and R. Yaris, Adv. At. Mol.Acompletely ab initin approach to the above inte- '":-".-o'..

Phys. 7, 287 (1l97.
faction can be obtained, in principle, by using the ma- 

- -

2. A. Klonover and U. Kaldor, 2. Phys. B 11, 1623 (1978).
thematical techniques of many-particle systems, based on

3. E. Ficocelli Varracchio, J. Phys. B 17, L611 (1984).the ] .... 's function formalism. Whi e such an approach - '_:Z '.

has already been implemented, a few years ago, for atomic

targets , it is only more recently that the first few

numertca: applications have appeared in the literature

2
f hor - - molecule problem . It should be pointed

out, anyway, that the formulation of Ref. [2] is comple-

tely perturoative in its structure, while it is very Ii-

kely that in actual applications of the theory it might

prove necessary to go beyond such a perturbative scheme. - .'

it can be readily shown that a basic ingredient of the %-.

nor perturbative theory is represented by the so called

Bethe-Salpeter amplitude, defined as

I T L I(I (1) ".-

where t are electron destruction (creation) field

operators and T is Wick's time ordering operator (see

Ref. [I] for more details,. The quantity in (1) physical-

ly represents the transition amplitude between the Yo

ground! and , texcited' target states and it is then

:ntuitive to foresee that the dynamic polarization po-
., 0. -,,4

tential aill be represented in terms of such quantities. i '

We have recently shown that the above X amplitudes -
n

can -ore simply be evaluated witnin numerical schemes of

the order of comnlexity of Hartree-Fock calculations, - - . - -

but that are at the same time able tc -um up infinite

classes of diagrams, corresponding to the R.P.A. formu- 2 EL-"
3

lation of many-body theories . 'We are presently applying

such formulation to the e H system, for which we are
2

- . "o. . * .' . . . . . .
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.W-NE.RGY SCA1-TERI:JU UL LLtA,ROJ, 1RO. LI.

N. '. Padial

Institute for Modern Optics, University of New Nexico, Albuquerque, New ,exico 87131, USA

We resnt heoetial esuts f eecton-i hetheoretical cross section includes the elastic %-N'.'
and rotational contributions and is compared to the ","% ._'

scattering cross sections in the fixed-nuclei appro- -

ximat~n resent experimentalu~ ofslt thactr cross d elincdestea~til
ximation employing an exact treatment of the static and epeietlrsts hainudeatcotinl, " ' L.

vibrational, inelastic, and ionization cross sections. f,.%%

the exchange interactions. The static potential is Ena

augmented by a parameter-free model I of the cntibuti resonances, the effect of tonah
correiation-polarization interaction. This model,

whicn uses the free-electron gas correlation for short eglect of the inelastic and the ionization processes
in theory, our results are considerably smaller than

distances and the asymptotic form of the polarization, - "
the experimental data in the higher energy range. Ahas a simple dependence on the molecular charge,.-'...--'-

comparison with the electron-Li scattering gives some
densitiesvalidity to this explanation. In this case, a

Larlier applications of this approximation for H;, validity to se pln atio n this case a

two-state close-coupling calculation shows that the
N-, HC-, and HCli gave very satisfactory results. In
those cases, the short-range part of the model contribution of the 2s-2p transition increases the

total cross sections to more than twice the elastic.._ ..
correlation-polarization potential was much smaller t l o s n o r h w he t

than the static potential. For Li) the model polari- 2S-2s part at 10 eV.

zation part represents a much larger contribution to In the intermediate energy regime (1-5 e4) the
results are in reasonable agreement with the experi-the total potential and, consequently, poses a morei-., '

ment. At low-energies (<I eV), the cross sections are
stringent test to the theory.

sensitive to the model polarization as is demonstrated-
* The scattering equations are solved using an

integral equations formulation of the close-coupling by considering several cutoff forms.

approximation We incorporated exchanged effects

tnrough a separable-Rotential formution. 41 eferences
1. 742. 'I. Padlal and Le. w. korcross, Phys. Rev. A 29,

calculations were carried out at the equilibrium 1742 (1984); we used Lg. 9 of this paper.
internuclear 2 . .. Miller, A. Kasdan and o. Bederson, Phys. Rev.

separation and in the molecular body- A 25, 1777 (1982).
fixed frame within the fixed-nuclei approximation. 3. D.W. ziorcross, private communication; see also J.

The scattering equations were solved for eight Phys, 84, 1458 (1971).

collisional symmetries from z to I for incident
u

electron energies below I eV. for higher energies, we

increased this number to M L = 7, at 10 eV. We com-

pleted our calculations for the entire energy range

with the unitarized-iorn approximation values for

symmetries up to h = 38. The maximum order of channel
L

angular momentum is 38 for gerade and 37 for ungerade

symmetries.

. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .. .. .-.. .
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ELECTRON ELASTIC CROSS SECTIONS MEASUREMENTS FOR 02
AT INTERMEDIATE ENERGY (300- 1000 eV) RANGE*. -

lone Iga, Lee Mu-Tao, J.C. Nogueira, R.S. Barbieri
+ 

and Maria Cristina A. Lopes
+  

- - .

Departamento de Qurmica, Universidade Federal de Sao Carlos, 13.560, Sao Carlos, SP, Brasil

Although the oxygen molecule is one of the major (1982).

constituent of the' earth's atmosphere and the e- - 02

interaction is one of the most important aim in the -

atmospheric physics, there are relatively few

measurements of the elastic and excitation cross '..

sections for the electron -02 scattering. In this

communication, we report the differential, integral and

momentum transfer cross sections (DCS) for electrons

elastically scattered by 02. In our experiments we

use the crossed electron beam-molecular beam scattering

method. The scattered electrons are energy-selectedI2
by a Mollenstedt velocity analyzer and counted by a

channeltron. The energy resolution was 1.5 eV and the

* angular resolution is about 0.20. The pressure of the

target beams of N 2 and 02 was calibrated by a McLeod

gauge.

The measurements were made for scattering angles

from 5 to 1200 and incident energies of 300, 400, 500,

800 and 1000 eV. The absolute values of the DCS were

obtained by the relative flow technique , where

absolute differential cross sections for N 2

4
'
5 

were

used as secondary standards. Errors in our DCS were 1--

estimated to be 16%. 1O
FIG. 1 e +O0z...

Fig. I shows some of the absolute values of the

DCS for 02 in comparison to experimental values of *9o this work
* Dimo

6
000 Daimon et. al.

Daimon et. al. with excellent agreement. Comparison - DaiM . a.'.
with the theoretical results from Independent Atom -

Model (IAM) also shows fairly good agreement. -

• Work supported by CNPq, grant n9 40.3582/82. 0 -

+ R.S. Barbieri and Maria C.A. Lopes thank CNPq for . .

the scholarship. U -

o 10____ U xl0O
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INCLUSION OF EXCHANGE IN THE NON-ITERATIVE POE METHOD: APPLICATION TO e-N 2 SCATTERING

C. A. Weatherford,* K. Onda,
+ 
A. Temkin

Atomic Physics Office
Laboratory for Astronomy and Solar Physics

NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771 USA

Permanent address: Dept. of Physics, Florida A&M University, Tallahassee, FL
+ Present temporary address: ISAS, Tokyo 153, JAPAN

We have developed a method of including

exchange exactly
1 

in the framework of the . .-. ----'

noniterative partial differential equation (PDE) 50

2technique . The method has been checked by

comparing results in the static-exchange
40- . - " . . .

approximation. g partial wave results are
g

given in Table I.

Table I: e-N2 Ig static-exchange resultsa \

1<22 C.29k2 b. c . present u.' - '.

18.86 (2.311) 15.16 (2.406) 14.95 (2.417). -

,)3 9- ) . 9.76 (1.983)) i

0.; 6.97 (1.524) 6.83 (1.723) 6.81 (1.747). _______ _0 11-."
2 3 5 6 7 8 9 0 I

ENEAGY eV"
1.0 3.09 (1.043) 3.17 (1.296) 3.50 (1.350)!

a. Entries are cross section in A , and Fig. 1 Present SEP results (solid curve) compared

(eigenphase sums, in radians) to other calculations and experiments References
and details are given in Ref. 1.

b. Results of Collins, Robb, & Morrison, Phys.

Rev. A 21, 488 (1980) The overall agreement with experiment and other

c. Collins & Schneider (unpublished). SEP calculations is very good. At higher energies
(k2 < 10 eV) and particularly at low energies

Given the entirely different analytic and numerical (k2< 1.5 mV), however, our results are somewhat

techniques used in these calculations, we consider lower than experiment. It is significant that such

the agreement to be satisfactory-particularly with an increase was found by Rumble et al
4 

when a

the new unpublished results of Collins and static potential based on a multi-configuration

Schneider. (MCSCF) N2 ground state was used. We are

therefore implementing a calculation with the
5Our second calculation included a static better ground state to test these changes in the

polarization potential originally adjusted using an cresence of exact exchange. Oesults will be

)FEGE approximation for exchange 
3
. Use of that oresented at the meeting.

potential with the present incorporation of exact

exchange showed that exact exchange requires a References

diminution in strength of that polarization

potential. Wishing to retain its qualitative i. C. A. Weatherfori, K. Cnda, 4. Telnkin, Ohys.Rev. A (subritted)• T.

2. E. C. Sullivan and A. 7erkn, Conn. Phys. Corm.r
features, however, we have now used a scaled 25,97 ( v9.2).25,97 (1982)." "''',. -.

version of that polarization potential. Results 3. K. Onda and A. Temki^, Phys. Rev. Z 28, 621 -(1983)." - -,
are given in Fig. I compared to various exoeriments 4. 3. ,. 2. Stevens, C. G. Truhlar, 2.

4. . R. Rumnl~e,w.. tv-,rG.Tula J
and calculations. Phys. B 16, L113 (1984). -

5. J. R. Runble, C. f. weatherforj, V. Onda, A.
Temkin, (work in progress).
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EXPERI'.:,TAI. YEASURDFNTS OF SHAPE RESONANCES
USINC A POSITION SENSITIVE DETECTOR

Fred Currel!, Tim Reddish and John Comer

Physics Deia!tment, Y!anchester University, Manchester M13 9PL, LK

,.
An electron spectrometer has be.n employed to impact energy direction, however, shows the differential

observe resonances in the differential cross sections cross section for the excitation of specific vibrational

2for the excitation cf vibrational levels of the ground levels. These contain intense features due to the --g

states of N2, CO and CO. A position sensitive detector shape resonance in N

has been used in order to measure many cross sections This resonance has been the subject of intense

simultaneously and so produce a significant gain in experimental and theoretical work. Measurements of the

sensitivity . Man%, energy-loss spectra are collected, differential cross sections as a function of scattering

each at a different electron impact energy and a surface angle will be presented together with corresponding

is produced representinp the differential cross section measurements in other systems.

as a function of the two variables. An example of the Reference

results obtained using this technique is illustrated in i. P J Hicks, S Daviel, B Wallbank and J Comer,

figure 1. Taking a section in the energy-loss direction J Phys E:Sci Instrum, 13, 713 (1980)

shows peaks corresponding to the excitation of the T Reddish, B Wallbank and J Comer, J Phys E:Sci

v=2-10 levels of the X IZg state. A section in the Instrum, 17, 100 (1984)

. .-. '-

FIGURE I The surface shows the

experimentally measured differential

cross section for the exciiation of
the v=2-10 levels of the X Zg state

ofN2at 600. The lower diagram is 8
expanded vertically and the diagonal
ridge is due to a background of
.. trons close to zero energy.

X........,

'p

Ejectron 
1.

Incident 2. Energy
Energy, eV 25loss, eV

2.o
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VIBRATIONA.L EM1TATION OF N1 by ELEYIRO ImpAcr

S.Yagi, T.Takayanagi, K.Wakiya and H.Suzukiq

Department of Physics, Sophia University, Chiyoda-ku, Tokyo 102, Japan

Y.Fujita, K.Hoshiba, S.S.kano and H.Tacujma
Institute for Laser Science, University of Electro-Cczmunications, Chofu-shi, Tokyo 182, Japan

* The vibrational excitation of N2 by electoron at References
to 4e is ~ to ~ 1) S.Ito et al. Abstracts of Contributed .

1cntenergy of . 8e o4vi nw ob papers XIII ICPEPC P.247C Berlin (183

affected by the resonance with the N 2 (2% ). We report 2) A.G.Engelhardt ,A.V. Phelps, and C.G.Risk, _

the cross sections for the vibrational excitations up Phys.Rev. 135 A 1566,(1964) UY jq
3) T.W. Shyn and G.R.Carignan, Phys.Rev. A 22

*to W-l1 at this region of the impact energies. ,923 (1980)

Also,the differential cross section for the v--l

excitation at icV - 1.5eV is reported.e- 2*

The experimental apparatus is the same as V-0-.11
*described in the proceeding of the XIII ICPEAC 1 The 0=300

* energy resolution is 30 may (FWKN) with the incident >
* electron current of SnA and the electron beam crosses

the N2 beam at the collision center at 90 deg. For the

collection of the low, energy electrons, we utilized an wj 1:
additional "collecting" electrode and the overall

* transmission efficiency of electrons are massured by

the loss spectrum of He. The mieasured differential

cross section were normalized by the elastic scattering

signal at 30 deg to derive the absolute values. Figure1 2345
1 shows5 the energy dependence of the vibrational ICD N N R Y (V
excitation to the V--ll level at the scattering angle of ICD N N R Y (V

* ~30 deg. The solid curve in Fig.l1 is the beck ground to FI l

be subtracted. Much morre precise imformation on the *.-:-.-

* coupling between N2 and N2  states will be given by

* this experiment.

e.N2 SA
Below the incident energy of 1. 5eV, we have not muichV= - >1

data on the excitation function of N 2 . Figure 21sth
2 Figre 2is te 4 -Ei= 1.5eV

data of the absolute EXCS to the NAl level at the impact

energy of 1.5e. Nobrmalizat ion was performed based on

the date reported by Shyn et al . The dotted curve in

the figure is the angular dependence of the pure Cp resonance )~g)scattering normalized at 30 deg. It is
kncum that, at 2.2eV of the incident energy, the 2
resonance ) scattering is dominant. In the present2

experiment at 1.5eV, the resonance(~ I.) still plays an

important role but the contribution frm non resonance

(mainly )is apparent. A detailed discussion will
g

r be given at the conference.

r.This work is supported by the Grantin-aid for 040 80 1 20
Fusion Reserch of Ministry of Education.

Scattering Angle (deg.)
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OBSERVATION OF VIBRATIONAL ECITION OF F BY ELECTR IMPACT2

Y.Fujita, K.Hoshiba, S.S.Kano and H.Talm" -
Institute for Laser Science, University of Electro-Camunnications, Chofu-shi, Tokyo 182 Japan - -

S.Yagi, T.Takayanagi, K.Wakiya and H.Suzuki
Department of Physics, Sophia University, Chiyoda-ku, Tokyo 102 Japan

It is important to elucidate the vibrational reported in the XIII ICPEAC 6 ) . Because of extremely

excitation of F by low energy electron impact from corrosive nature of F2 , the energy selector and
2 2'

both the pure and applied scientific viewpoints. This analyzer system are differentially pumped separately.

is because the process is closely related to dissocia- The sample, delivered from Central Glass Co, is F2( 10%)

tive electron attachment, which is highly important for in He buffer. The overall resolution of our apparatus

the kinetics of the electron beam pumped exciner lasers is about 30 meV (FW*4) at the incident electron current

such as KrF or XeF. In the laser medium of KrF of 5 nA.

Typical energy loss spectrum of F2 at the impact ..-.-

+ F2  F_(
2
y+ F - + F, (i) energy 1.7 eV and scattering angle 900 is shown in the:-

F-+ Kr + Ar -u KrF* + Ar (2) figure. The vibrational peaks (v-0 through 7) are

observed and the peak intensity as a function of v does

are suggested to be the dominant processes for the fuel not decrease drastically. Also, the anglular . .

production. Ab intio calculations I) show that the distributions of v=l,2 vibrational excitations show the

potential curve of the intermediates state, F 2  + ), of u partial wave characteristics. These facts are

dissociative electron attachment crosses near the considered to be the evidence of the resonant
euibibrium internuclear separation of F2 (I). scattering. It must be noted that the elastic peak of

Consequently this process is supposed to have large the figure contains the signals of elastic scattering

cross section at very low incident electron energy ( by He.
lev), which has been confirmed by recent measurments 2) The differential cross sections of vibrational

In the vibrational excitation by low energy excitation of F2 at the impact energy less than 2 eV

electron impact ( 2eV), the sane intermediate state, will be discussed at the conference.
-2+

F2( ), as that of the dissociative attachment is This wrk is supported by the Grant-in-aid for
* 2 ~concerned, and the resonant scattering Fusion Reserch of Ministry of Education.

e + F2 . F2 ( Z+ ) - F2 (v) + e (1)' References

1) T.N.Rescigno and C.F.Bender, J.Phys. B9,1329 (1976)

is expected to play the dominant role. These 2) P.J.Chantry, Bul.Am.Phys.Soc. 24,134 (1979)

dissociative attachment and the vibrational excitation 3) R.J.Hall, J.Chem.Phys. 68,1803 (1978)

cross sections are calculated by the same resonant 4) J.N.Bardsley and J.M.Wadehra, J.Chem.Phys. 78,7227

scattering theory. Thus, once the cross section for (1983)

the process () is measured by experiments, we will be 5) C.F.Wong and J.C.Light, Phys.Rev.A 30,2264 (1984)

able to predict the cross section for the process (1) 6) S.Ito et al. Abstracts of Contributed papers XIII

or v.v. Semiempirical calculations have been made by ICPEAC P.274 (Berlin 1983)

" Hall
3 ) 

and Bardsley et al.4) to know these cross "-_._.

- sections by the use of different methods. The obtained e. F2  Ei "1.7eV
values for the cross sections are almost the sane for e = 90.

the dissociative attachment. However, the cross 2

* " sections for vibrational excitaion by Hall (about 1016 - "

- cm2 for v=l peak value) are larger by almost one order

of magnitude than that by Bardsley. Wong et al.5 ) also

calculated these cross sections by R-matrix method for - ""

several sets of the resonace parameters. Considering Z

the present status of these theories of vibrational Z
excitation of F2 , the measurement are highly important

to test these calculations. 0 02 0 6 08

....... *~ ~ 02 04 0. ..- *0 . . . . .

The exer a u ws te -
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ELECTRON ATTACHMENT TO H20, SO2 and C3F8 in Ar, N2 , and CH4  , 4'

W. C. Wang, M. A. Fineman, and L. C. Lee* - -

Department of Electrical & Computer Engineering, San Diego State University, San

+ Diego, California 92182 USA
Department of Physics, San Diego State University, San Diego, California 92182 USA -. -

Electron attachment processes for electronegative "apparent" electron attachment rate constant for H 0 in

* gases (H20, SO2 or C3 F8 ) in trace amounts in a few CH4 decreases with increasing E/N, for example, ka .

hundred torr of buffer gas (Ar, N or CH4 ) were inves- 1.6x10
-I I 

cm3 s at EN = I Td and ka 
= 

0 at 15 Td.

tigated using a parallel-plate drift-tube apparatus. The electron attachment to C3F 8 in Ar has also been

Electron attachment rate constants for the electronega- investigated. The electron attachment rate constantdecreases with increasingE/IN. At/IN =i1Tdk= ii!!i

tive gases were measured as a function of F/N (or the d
-10 3a

mean electron energy) in various buffer gases. 6x10 cm3/s. For C3F8 in N2, the ka value increases

In this experiment, electrons were produced by with increasing F/N. At F/N = 25 Td, k = 1.2xlO
-
10

3 a
irradiation of the cathode with ArF (193 nm) or KrF (248 cm /s. We also find that the k value increases with

nm) excimer laser photons. The transient current increasing F/N for C3 F8 in CH4, for which ka = 4xl0
- 0 
1

3
induced by the electron motion between the electrodes cm Is at FIN = 30 Td.
under an applied electric field was observed. This The electron attachment due to SO2 in Ar is

current is equal to currently under investigation. The electron attachment

i(t) = eN W/d (1) rate constant increases with increasing FIN. We have

where N is the number of electrons between the elec- used both the ArF (193 nm) and the KrF (248 nm) excimer
e

trodes, W is the electron drift velocity in the buffer laser photons for producing the pnotoelectrons in this

gas, and d is the electrode spacing. experiment. Since the laser photons are absorbed by SO2,.

When an electronegative gas is added to the buffer it is interesting to study the effect of photodissocia-

gas, electrons will be attached and the current will be tion fragments on the observed electron attachment
reduced to process. At 193 nm, SO2 has a large absorption cross

section and the photoexcitation at this wavelength can -

i'(t) = eN W'e-"at/d (2) lead to dissociation into SO + 0. The electron attach- O t
Using the data from a run without electronegative ment rate constants measured at 193 nm will be not only

gas (Eq. 1) and one of same buffer gas but with electro- due to SO2 but also due to these photofragments. This

negative gas (Eq. 2), we can plot ln(i'/i) versus t, and problem can be avoided by producing the conduction elec-

we can determine the electron attachment rate 'a' and trons with the less energetic KrF (248 nm) excimer laser

the attachment rate constant for a two-body process ka= photons. In other words, the electron attachment rate ...

Sva/[M], where [M] is the concentration of the electron constant measured with the 243 nm laser line should be

attacher. The N' and W' values can be different from due mainly to SO2 . Note, however, that by comparing the

the values of N and W. The data were analyzed at attachment rate constants measured at these two wave-
e

sufficient times after the laser pulses such that N. ,  lengths, we may obtain information for the electron .. -

N', W and W' are independent on time. attachment rate constants lf radicals. We will report

With this newly developed method, we have measured in more detail the results of this investigation at the

the electron attachment rate constants for several conference.

electronegative gases (H.O, SO2 and C3F 8 ) in several

buffer gases (Ar, N2 , and CH4 ) that are frequently used

in diffuse-discharge switches. For 1120 in Ar, the This work is supported hy U. S. Air Force Office of

electron attachment rate constant, ka, increases with Scientific Research under Grant No. AFOSP-82-0314.

increasing F/N from 2-13 Td. At FIN = 15 Td, k = 1.3x "

10 cm3Is. For H20 in N 2, the electron attachment

rate constants are very small for ElN in the 8-24 Td

region. At FfN S8 Td, electron attachment due to th,-

formation of a "temporary" negative ion is observed.

The "temporary" negative ion has also been observed in

the electron attachment to H20 in CH4. The lifetime of

the "temporary" negative ion is about 200 ns. The

. - ......

", -. .. .,l..i ... ,. . . . . . . . . . . . . .. - -'--- . . . ..-.. . ,. i- -. '..--..i "- . . . .-. ... -- ." %-.-. -.t= -i.-.-. -. ,i-i --
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TOTAL CROSS SECTION MEASUREMENTS FOR ELECTRON SCATTERING BY OCS AND SO 2

.S. Dababneh*, Y.-F. Hsieh, W.E. Kauppila, C.K. Kwan, and T.S. Stein

Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48202 USA

In this paper we report absolute total cross -

section measurements for low energy electrons scattered 60
triatomic molecules, OCS and SO The

experimental approach (beam transmission through a gas LJ
scattering region) and apparatus are the same as has 50 • hsEpriet .
been used recently for electron and positron total 5 This Experiment

* Szmylkowski (1982) rscattering I cross section measurements by other E -Lyc(17)t."°.'...,

molecules. The electron beam originates from a - Lynh (-97')
thermionic cathode and has a measured energy width o 40

(FWH) of about 0.15 eV.

The present total cross section measurements for .9

OCS are shown in Figure 1 along with the prior total 0
2 ,,~30-

cross section measurements of Szmytkowski and the

continuum multiple-scattering model calculations of I..) .*,

3
Lynch et al. for integrated elastic cross sections.

0-
The present results are considerably lower than 20

Szmytkowski at the low energy (1.15 eV) shape resonance,

and generally lower at higher energies, except at the

minimum in the vicinity of 2 eV where both measurements I0' ' .

are in good agreement. The large difference at the 1.15 0 I 5 10 20 40

eV shape resonance could be explained by the narrower Energy (eV)

energy spread of the electron beam used by Szmytkowski. FIGURE 1 Electron-OCS scattering cross sections.

In Figure 2 are displayed the present total cross

section results for SO
2 

, which indicate a narrow shape

resonance in the 2iint of1e n*bodrbm This Experiment
vicnit o 1 V nd bradr bmp40- a Orient (1982)el.

around 10 eV. Due to the lack of any other readily
available total cross sections that could be used for * Vuskovic (1982)esc

E + Orient (1984) ion

comparison we show some measurements of elastic U
scatterng6' 5 %,

scattering electronic excitation, and 30 %

ionization cross sections, which do not collectively C

account for the total cross sections reported here. 0

This work is supported by the National Science = 20
*Foundation. One of us CMSD) also acknowledges receipt

0
of a research grant from Yarmouk University.

*Physics Department, Yarmouk University, Irbid, Jordan J
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SCATTERING OF HIGH ENERGY ELECTRON FROM MOLECULES

Mukesh Kumar, A.N.Tripathi and V.H.Smith, Jr+

Department of Physics, University of Roorkee, Roorkee 247667, India

+Department of Chemistry, Queens University, Kingston, Ontario, Canada

The study of high energy electron-molecule The elastic scattering results (fig.la) are in

1-2 .
scattering are of great potential va. e for examining good agreement with the recent data in the region of .' *,r-

the quality of molecular wave functions and for stu- momentum transfer lying between 0.3 to 3 a.u.

dying the chemical binding effects if the first Born 0.
-  

,

approximation is valid. The elastic scattering is well +

predicted by the Hartree-Fock (HF) wave function but
0.00

the inelastic scattering cross-section which relates

the two electron distribution function(intracule),are

* found to be quite sensitive to electron correlation

effects and are not accounted by HF theory. The experi- 
46-.

mental data resulting from high energy electron scatte-

ring measurements are mostly confined to total scatte- Lit " I'
. -0.5 - Present

ring cross section (elastic + inelastic) which limits

the comparison between the experiment and theory. 
A M

However, in recent years some efforts are being made Expt.

to measure both elastic and inelastic components

separately.

Recently Thakkar
4 
has demonstrated that one

can calculate both, the elastic and inelastic scatte

ring cross-sections at the self-consistent field(SCF) 0

level on the same footing which is better than the Alo0

independent atom model (IA4) result for the inelastic However, the present calculation of inelastic scattering J
contribution, as these are strongly affected by the (fic.lb) using the present SCF molecular wave function

formation of chemical bond. Therefore, it is worth show a large deviation compared to the measurement in

presenting, the calculation of total, elastic and inela- the same angular region. The details of the result for

stic high energy electron scattering cross-section from this along with the other molecules will be presented

molecular systems. We have chosen the ten electron in the conference.

systems (Ne, HF, H2 0, NH 3 ' CH4 ). A simple SCF molecular

wave function constructed from a double zeta quality References:

basis set of contracted Gaussian orbitlas is employed. 1. R Benesch and V.H.Smith Jr. in wave Mechanics:

Various trends and systematics in the electron inten- The First Fifty years edited by W.C.Price et al

sities (elastic and inelastic) for the ten electron (Butter Worths, London 1973) p 357-377.

systems have been examined. The effect of molecular 2. R.A. Bonham and A. Fink, High energy electron

bonding has also neen examined with the help of scatterinV (Van Nostrani, New York 1974).

difference functions computed between present electr3n 3. A Duguet, A La~hman-Bennani and !:.Rouault J.

scattering intensity and that for IAl4. The figures 1 Chem. Phys.78(1983), E595.

(a-b) present our difference finctions elastic and in- 4 A.J. Thakk -I. Ze. ys. 81(1984) 943.

elastic scattering cross-sections for NH 3 molecule. 5. L.C.Siyer ani 'i. Bnasci, .olecular wave . ..

au n c t i o n s a n u r C. C7t5. -, 1 9 2 (N e w io r k ; l

Wiley)
-. -I, .. , . ... ..... ...

-0 S- 6ej . . .

.. .. .. .. ,................. .. ,..,,

.. .. . . ..... . .. .... .. . .......... - . . ....-..- + ....... .?.-.
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VIBRATIONAL EFFECTS ON ELECTRON-MOLECULE SCATTERING FOR POLYATOMICS: H20 ,

Martin Breitenstein, Richard J Mawhorter,* Hermann Meyer, and Armin Schweig

Fachbereich Phvsikalische Chemie der Philipps Universitaet .

Hans-Meerwein-Strasse, D-3550 Marburg/Lahn. Federal Republic of Germany

The comparison o experimental and theoretical '- - .. rc+r"'on" Effects
...... ... in r l,ih ..n.r,.v electron scattering from I

". wije riang, of rno eO2P 'a his significantly furthered 169

our ,inde ritrding of no L.. .tr chare dist ributions. ___,___

O)nli for 4, and 0?, 1hlowever, where both vibrational ind 0,

. rrelation effects can he treated fur[y, is there good 1- + 16

i-remet betw4een theorY aid experiment. mhile it has E /compess st retch

"hec,oe Plear that e--ltron correlation causes the most - -
S"screpancv between theory and experiment, vibrational <

* effects ire .notier possible source of disagreement. - I 169

These have been studied for several diatomics
2  

in -2- S r3 0_

addition to I, and D,. It was found that these I III 
l

vibrational effects were small, which encouraged the 0 5 1 0 15 20 I.

direct comparison of inherently averaged experimental Figure 1 (
-
1)

results with theoretical calculations (done at a single

fixed geometry. The purpose of this work is to see if analytic evaluation of these integrals and ensured the

they remain small for a polyatomic such as H2 0. convergence of the functions Ao(Q).

To provide as sensitive a comparison of cross The results confirm that the bending motion of Q2

sections as possible, the results are presented in terms has little effect on the charge distribution, in

of Ao, the difference between the actual cross section contrast to the stretching motions of Q, and Q3 There

' tOL and a reference cross section olia M based on the is substantial cancellation for the antisymmetric Q3
independent atom model. .<5 is the representation in mode, so the effects are largest for the symmetric

. scattering space of the rearrangement of charge to form stretch Ql. Q, has a large anharmonicity, and

the molecular bonds. illustrates the importance of using the best available

" Por a polyatomic molecule, the effects of the anharmonic distribution functions. Figure I shows the

different vibrational modes must be taken into account. Aeq (01=
0
) curve (--) and those calculated at the

ror each of tle 3 H20 vibrational modes Qi, 26 molecular maximum Q, displacements. These deviate significantly

geometries ( 49 for Q2 ) were determined at uniform from AoGeq, but when all 27 curves (represented by hash

intervals in Q,, and a l-31G+BF SCF wave function was marks in the inset) are averaged, the difference from

computed for each geometry. Our program DSIGMA,
3 

which AOeq is very small, as shown by the fourth curve

calculates the scattering in the first Born ( -.. Hence even the largest correction is well

approximation analytically from a given wave function, within current experimental error limits, and these

was then used to deter-nine a. IOL' olA., and A at small results for a polyatomic molecule lend further credence

- intervals in the scattering variable s for total, to the practice of comparing cross sections calculated

elastic, and inelastic scattering. Near Hartree-Fock Ac at a fixed geometry with (averaged) experimental data.

curve.s were also calculated for the equilibrium The efficacy of the standard formula used to

.eonetr., and the excellent qualitative agreement of the account for vibrational averaging in the TAM has also

4-31r,+BF results is more than adequate for a stedy of been examined. Discrepancies are small, roughly half

this nature. Repeated calculations for each step in Q, the size of the vibrational corrections themselves. ' .

resuled In values for each cr-ss section as a function RJM would like to acknowledge a fellowship from the ' ..

,f and %, e.g. .(Q 1 5 a) At each c-value, sn, a German Academic Exchange Service (DAAD).

quadratic polynomial in Q, was then fitted in the least c •..."-" 1. K. Snalewicz, W. Kolos, H.J. Monkhorst, & C. Jackson,

squares sense to the smooth functions Aa(1 1 s,,). Sucrh a
functioris s hownto Ine othe nst in Figure)• 1.he J. Chem. Phys. 80, 1435 (1984); ibid. 77, 1323 (1982). ... -function is shown in the inset in Figutre 1. The

2. J. Epstein & R.F. Stewart, Ibid. 70, 5515 (1979).
averaging was completed by evaluating the Integrals 3. 1. Bretenstein, A. Endesfelder, H. Meyer, A.

) !_ P(Q)Ac(Q,s)dQ for each value of a and Schweig, & W. Zittlau, Chem. Phys. Lett. 97, 403 (1983).

for both harmonic and anharmonc distribution functions *Present address: Jet Propulsion Laboratory, 4800 Oak
0-i '1 and pa(q). Th- fitting procedure enabled

S i .IGrove Drive, Pasadena, Ch 91109. . . . -
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Low-Energy Electron Scattering on Methane

J. Ferch, 8. Granitza, and W. Raith 6. L j"".

Fakultit fur Physik, Universitit Bielefeld, 0-4800 Bielefeld, Fed. Rep. of Germany

.,i ~~We measured the absolute total electron scattering """"

cross section of CH, in the energy region between 0.085 -6,P, =.

4~ ILA

and 12 eV in a transmission experiment performed with "7 . ~
or improved high-resolution time-of-flight spectrometer , '"-%= L=

/-i/. The results show a pronounced Ramsauer minimum at

0.401(20) eV with an absolute total cross section value '.

of 1.356(31)x 10
6  

cm 
2
. Computation of the

forward-scattering cut-off solid angle, averaged over .3 A

the length of the target, yielded a value of

1.5x10
3 

sr, corresponding to 1.2x10 of the sphere. 7"--

Thus for s-waves the undiscriminated forward scattering

is completely negligible compared with the total "2

uncertainty of the cross section measurements of several 0.'"02 3"""'2

percent. Only if forward scattering were enhanced by a E,.-' ...g
0
E" :

factor of 100 or more, its influence would exceed the 1Z

. level.

Fio. 1. Absolute total cross section of CH4 :
Our results are in good agreement with the early -. This work;-, Bruche /2/;

measurements of 8rdche /2/ as well as Ramsauer and ... , Ramsauer and Kollath /3/; A, Floeder

et al /4/;-.--. Barbarito et al /5/:
Kollath 13/ and the recent results of Floeder et al /4/, 0, Tanaka et al 16/;.---, Sohn et a Il;

obtained with a technically quite different apparatus. - rode /10/; 0, Griffith et al /11. _%ar is

They disagree with the published data of Barbarito et al

/51 as can be seen from Fig.lI We obtained a REFERENCES

considerably higher cross section in the whole energy /1/ Ferch, I., Granitza. B., Masche, C. and

range studied. The most noticeable discrepancies are in Raith, W., submitted to J. Phys. 8 (1984)

/21 Sruche, E. , Ann. Phys. Lpz. j (1930) 381
the vicinity of the Ramsauer minimum, where our cross /3/ Ramsauer, C. and Kollath, R. ,

Ann. Phys. p .6 13 )9
section is about five times higher than that of Ann F hys. Lpz. 4 (1930) 91

/4/ Floeder, K., Fromme, D., Raith, W.,
Barbarito et al. Those authors located the Ramsauer Schwab,A. , and Sinapius, G.,

minimum at an electron energy of 0.215 eV whereas we Abstracts 2nd ECAMP, Amsterdam 1985
/5/ Barbarito, E.. Basta, M. , Calscchoo. M. and "

found it at 0.401 eV, in excellent agreement with the Tessari S., .. Chem. Phys. 1 (1979) 54 - . '-_

early measurement /3/. 16t Tanaka, H., Okada, T., Boesten. L.. Suzuki, .-.

T., Yamamoto, 7. and Kubo, H.,
J. Phys. 8 15 (1982) 3305

Fig.1 shows a comparison of our results with other /I/ Sohn, W.. Jung, K. and Ehrhardt, H.,
.1. Phys. 8 .i1 19 ((93) 891

experimental data. the data of Tanaka et al /6/ and of 18/ Golden, D.E. and Bandei, H.W.,

Sohn et al IT/ are derived from differential cross Phys. Rev. 149 (1966) 58

/9/ Ramsauer, C. and Kollath, R.,
section measurements in the range of 30 to 1400 and 30 Ann. Phys. Lpz, 1 (1929) 536

to 1200, respectively. Barbarito et al pointed out, /10/ Brode, R.B., Phys. Rev. 25 (1925) 636

that the Ramsauer minimum of argon, measured by Golden /11/ Griffith, T.C. . Charton, M. , Clark, G.,

and Bandel /8/ deviated from the earlier measurement of Positron Annihilation, ed. P.G. Coleman,

S.C. Sharma and L.M. Diana, North Holland,
Ramsauer and Kollath /9/ in a similar way. This Amsterdam 1982, p. 61

suggestion, however, does not help in understanding the

discrepancy because our recent measurement of the argon

cross section /1/ confirm the old measurements.

Plum- ,-..
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ROTATIONAL AND ROVIBRATIONAL EXCITATION OF CH4 BY ELECTRON IMPACT BETWEEN 0.5 eV AND 10 eV J%
4 . .% .'% -

R. MUller, K. Jung, and H. Ehrhardt

Fachbereich Physik der Universit~t Kaiserslautern, D-6750 Kaiserslautern, West Germany

Cross sections for the electron impact rotational In the range of impact energies between 5 eV and

excitation of CH4 have been measured in a crossed beam 10 eV a short living negative ion state is formed and

spectrometer for the impact energies 0.5 eV, 5 eV, 7.5 the rotational excitation of the molecule is strongly

eV, and 10 eV. Absolute state-to-state cross sections influenced by this resonance. Therefore all angular

are deduced from the broadened energy loss peaks by dependencies for each j - j'-transition have similar

using the method of analysis given by Shimamura
1  

The shapes and are practically independent of the impact

results (angular dependencies) are compared with cal- energy. The cross section for the j = 0 - 0 transition , I]
culations of Jain and Thompson

2 
and of Abusalbi et has a deep minimum close to 1100 scattering angle.

al
3
. In some cases comparison with experimental work Here the cross section drops from ca. 10

6 
cm /sr to

of Tanaka et al
4 

is possible. less than 10-17 cm
2
/sr, whereas for j -O 3 and j = _

0 - 4 the cross sections remain constant over the -

For an impact energy of 0.5 eV the pure rotatio- measured angular range having a value of ca. 0170

nal excitation is rather weak. For j = 0 - 3 the dif- cm
2
/sr. The nearly isotropic cross section is to be

ferential cross section is between 10 and 10 expected for collisions in which a large amount of

cm
2
/sr with the larger values at large scattering momentum has been transferred (i.e. Jt= 3, 4).

angles, whereas for j = 0 - 4 it is relatively con-

stant with respect to the scattering angle (do/dw(j = This work was supported by the Deutsche Forschungs-

0- 4) 10
-
19 cm

2
/sr). At the same impact energy, but gemeinschaft (SFB 91).

with simultaneous excitation of the v 2 vibrational

mode the rotational branches with Aj = 0, 1, and 2 References

have aiso been measured. The cross sections are of the 1. J. Shimamura, Phys. Rev. A 28(3) (1983) 1357-1362

order of 10-19 cm
2
/sr for Aj = 0 and 1 and 10-20 to 2. A. Jain and D.G. Thompson, J. Phys. B 16 (1983) -

10
-
21 cm

2
/sr for j = 2. For the simultaneous excita- 3077-3098

tion of the infrared active vibrational mode v4 only 3. N. Abusalbi, R.A. Eades, T. Nam, D. Thirumalai,

rotational transitions Lj = 1 are found with in- D.A. Dixon, D.G. Truhlar, M. Dupuis, J. Chem. Phys.

creasing cross sections in forward direction ( 1 l0
"1  

78(3) (1983) 1213-1227

cm
2
/sr at angles below 150). 4. H. Tanaka, M. Kubo, N. Onodera, A. Suzuki, J. Phys.

B 16 (1983) 2861-2869
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MULTICHANNEL SCHWINGER VARIATIONAL CALCULATIONS OF "
LOW-ENERGY ELECTRON-MOLECULE COLLISIONSa

Marco A. P. Lima,* Thomas L. Gibson,* Winifred Huo,+ and Vincent HcKoy*

A. A. Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, California 91125 USA

+Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana 46556 USA

The multichannel Schwinger variational method, as 14 "

developed by Takatsuka and Mc~oy.l has been applied to 0-H2. X1+ -b + DIFFERENTIAL -

study elastic and inelastic low-energy electron-mole- CROSS SECTIONS AT 12 eV -"| -~~12 - PRESENT CALCULATION,'t.. Z
cule collisions. An earlier study

2 
on the electron- 12 HALL AND ANDRI C (1964)

impact excitation cross sections of the b3 + state 4!
E

in H2 has been substantially extended. Calculations 10

based on the two-state approximation have been carried

out, using a (6s4p) Gaussian basis set on each nucleus. 2,

The calculated cross sections are found to be stable 2.- '

when the size of the basis set is further increased. w

Figure 1 compares the calculated differential cross

section at 12 eV incident energy with a recent measure-

ment of Hall and Andri6.
3 

At this energy, the measured

integral cross section is 5.4x017cm
2  

versus our

calculated value of 5.42xlO-
1 7
cm

2
. At higher energies, U 4

the calculated differential and integral cross sections u.

are in significant disagreement with the measurements

of Khakoo, McAdams, and Trajmar.
4 

This aspect, as well 2

as our calculations on the a3_+ state, will be dis-

cussed. I I I I I I

Elastic e-CH4 scattering cross sections, at inci- 30 SCATTERING60 90ANGLE,120 150

dent energies from 3 to 20 eV, have been calculated at

the static exchange level using a (12s8p4d,7s) Gaussian Figure 1 Differential cross section of H2 X b
3
r-

basis set for C and H, respectively. The differential excitation by electron impact.

cross section calculated at 7.5 eV incident energy,

together with the experimental data of Tanaka, et al,
5  e-CH 4 ELASTIC SCATTERING, 7.V

- PRESENT CALCULATION
are presented in Figure 2. The calculated total cross 0 TANAKA.,tal(1983)
section is 18.14xlO16cm

2
, versus the experimental

value of 19.6x10-16cm
2
. It is seen from Figure 2 that

the static exchange approximation is capable of repro- 0

ducing the minimum in the differential cross section. 0 6

However, the shoulder in the experimental spectrum near
Iul

60* appears to be a polarization effect, and is not re- ..

produced in the present level of approximation. Polari- 0

zation studies are currently under way to see if they U

can reliably reproduce this aspect of the experiment.

Low-energy e-N 2 scattering is also being studied cc
using a large Gaussian basis set, lls8p3d on each LA

nucleus. The results will be presented at the meeting. a 2

References

a. Work supported by the National Science Foundation
under Grant No. PHY-8213992.

IK. Takatsuka and V. McKoy, Phys. Rev. A30, 1734 (1984). j -
2
M.A.P. Lima, T.L. Gibson, K. Takatsuka, and V. McKov, 0 30 60 90 120 150 180

Phys. Rev. A30, 1741 (1984). SCATTERING ANGLE,d"
3
R.I. Hall and L. Andri6, J. Phys. B17, 3815 (1984). Figure 2 Differential cross section of ,-CH4 elastic
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RAMSAUER-TOWNSEND EFFECT IN ELECTRON-Sil4 ELASTIC SCATTERING .

A. Jain* and D. G. Thompsont "°. .',

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 80309 IPSA

tDepartment of Applied Mathematics and Theoretical Physics,

The Queen's University of Belfast, Belfast, N. IRELAND

An understanding of low energy electron scattering Zmax - 6. The same value of X was used for the K-

by silane (SiH 4 ) molecules is required in plasma chem- matrix size. We include A1, A2 , E and T2 symmetries ,, . %

istry and plasma processing for thin-film deposition or only in our final cross sections.

surface treatment.
1
,2 Pollock

3 
has given values for The position of our RT minimum was found around

the momentum transfer for e-Si 4 elastic scattering be- 0.12 eV (with the 33 term basis set, it occurs at

low 4 eV (swarm data). Estimates of the various e-SiH4  about 0.09 eV) in the A1 symmetry. We also found . ."". -.

cross sections have recently been made from measured (similar to CH4 ) a T2 enhancement in the cross section . -

and theoretical cross section data and measured elec- around 4 eV. The A1 state also has a broad structure

tron swarm data, with the aid of a set of cross sec- around 2.5 eV. This means that in the final cross .r

tions for CH4 .' The well-known Ramsauer-Townsend sections a shape resonance structure occurs around 3- ,

(RT) minimum was estimated to be at about 0.3 eV, the 4 eV, which is mainly due to T2 symmetry.

same as in CH4 , but with about five times larger cross
4 We are also trying to generate a much bigger

section. There is considerable difference between the

estimates of various cross sections by Hayashi
4 

and basis set in order to improve convergence; this might
Garscadden et al. 

5  
push the RT minimum toward higher energy, consistent

with experiment and also with the CH4 results.

Unfortunately, there is no ab initio calculation
We plan to present complete results at the time

on the e-SiH4 system in this low energy region. Our -e
of conference. '

earlier work on CH4 in a parameter-free model-potential

theory
6
,
7 

predicted quite satisfactory results for the This work was supported by the I!.S. Dept. of

position of RT minimum and the cross section. In order Energy (Office of Basic Energy Sciences). A part of

to investigate the utility of this model for a heavier the calculation was done at the Oueen's University of

system such as the Sil 4 , we have studied e-SiH 4 scat- Belfast. One of the authors (AJ) is thankful to D. W.

tering in precisely the same model. Norcross and A. V. Phelps for helpful discussions.

We generated a single-center (at the Si atom)
References

basis with 47 cxpansion terms (total energy --

290.45 a.u.). Results with a smaller basis (33 terms) 1. J. Perrin, J. P. M. Schmitt, G. De Rosny, B.
Drevillon, J. Huc and A. Lloret, Chem. Phys. 73,

were also obtained. The value of the spherical polar- 383 (1982).

izability calculated in our polarization potential 2. J. Perrin and J. P. M. Schmitt, Chem. Phys. RO,
(Pople-Schofield method

6
) is 44.7 a.u.; 32% larger 3. W. J. Pollock, Trans. Faraday Soc. 64, 2lq

than the experimental value (30.4 a.u.).8 (1968).
4. M. Hayashi, VI Dry Process Symposium, Oct. 11-12

In brief, the total interaction potential is com- (1984, Tokyo), p. 127.
5. A. Garscadden, C. L. Duke and W. F. Bailey, Appl.

posed of a near Hartree-Fock static term, a parameter- Phys. Lett. 43, 1012 (1983).
free polarization potential and a free-electron-gas 6. A. Jain and D. G. Thompson, J. Phys. B 15, L631

lara 
6 
tp)potential (plus orthogonal- (92)

exchange (FEGE; H type)7 A. Jain, Ph.D. Thesis (The Queen's University of

ization of the bound and the continuum orbitals). The Belfast, 1983). %
8. A. A. Maryott and F. Buckley, U. S. NBS Circular

number of terms in the single-center expansion of the No. 537 (1953).

static and the exchange potentials were kept up to
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ELASTIC DIFFERENTIAL SCATTERING AND VIBRATIONAL EXCITATION OF C.,H BY LOW ENERGY ELECTRONS6 %

H. Tanaka and L. Boesten R

Departments of General Sciences and Physics, Sophia University, ' %
7-1 Kioicho, Chiyoda-ku, Tokyo 102, Japan

Elastic and vibrationally inelastic differential, In the case of CH44 this maximum was due to a short- I

integral, and momentum-transfer cross sections for elec- lived shape resonance of the Td symmetry. To confirm

trons scattered by C2H6 are reported in the energy this, further measurements of the excitation function

range from 2 to 20 eV. Scattering angles were covered for the electron impact ener'y are under way. J\ v"
from 10' to 130'. With the help of the relative flow LOW

I
technique , the elastic cross sections are placed on

an absolute scale. From the measured energy loss- C2H6
spectrum of the lowest normal modes in C2 6, the ratios

of the area under the peaks of the vibrational excita-

tion and the elastic scattering as well as their heights O 10,

were determined. The resulting relative intensities were 2 0o

then converted to absolute values by calibration against

the known DCS for elastic scattering. .0-o.'

U)
2 .0 o -

In previous measurements
2
, we have used a spec- 0 1 ""'

trometer with a 172' cylindrical analyser and a gas

beam effusing from a nozzle. In the present measure-

ments with a new vacuum system, hemispherical electro- 20 40 60 80 100 120 140

static dispersion elements and tube lenses are used. SCATTERING ANGLE, deg
3

The lenses follow the design proposed by Chutjian , Figure 1. Vi:,ratiorallv elastic DCS at 7.5 eV.

but their driving voltages were recalculated with a new

matrix program as well as a beam tracing program to

obtain improved focussing at the lower end of the C2H6
energies considered by Chutjian and to achieve better 10

adjustments to the particular geometry of our appara- "
E

tus. The main voltages of the zoom lenses are driven U

by a personal computer in accordance with the energy o

loss being measured. Also this time, the C2H6 beam 1s A A

formed by a small capillary array. Thus, the geometri- 1 0 A P 0 A 0 0

cal experimental conditions are considerably improved - -

when compared with the previous measurements. The ,

over-all resolutions used were 50 meV for elastic scat-

tering (to increase intensity), and 30 meV for the

vibrational measurements. The over-all errors were 20 40 60 80 100 120 140

estimated to be 10-20% for elastic scattering and 30- SCATTERING ANGLE. deg

40% for vibrational excitations. Figure 2. Vibrationally inelastic DCS at 7.i vV.

- and 2 modes, 14 odes".

-he new measurements fo the angular distribution

for the elastic scattering nov show t.e r-wav charac- .keference r , -

teristic much more clearly than in the previous mea- I. S. K. Srivastava, A. Chutjian, and S. frajnar, .1. (Cnm.

surements. A similar feature appears in the DCS of the Phvs. 63 2639 (1973). .. '

vibrational excitation on a much smaller scale. At 2. D. Matsunaga et al., in Abstracts of tht XI1 I(:PEAC,, -
Gatlinburg, Tennessee, 1981, edited by S. Datz, p.358. *.

lower angles, the angular distributions are nearly 3 A. Chutjlan, Rev. Sri. Instr. 31 347 (1979) %

flat. The total cross sections for scattering of slow 4. H. Tanaka vt al., J. Phs. 3 1- 310- (1982).

electrons by the saturated hydrocarbons, CH4, C2 and
C H. show a broad maximum centered around 7.3 eV.
38
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TEMPORARY NEGATIVE IONS IN COMPLEX MOLECULES: DIBENZENE CHROMIUM

P.D. Burrow,* A. Modelli, 
+ 
M. Guerra,

# 
and K.D. Jordan, 

@

+ Department of Physics & Astronomy, University of Nebraska, Lincoln, NE 68588 USA
Istituto Chimico "G. Ciamician", Universita di Bologna, 40126, Bologna, Italy L. .

# C.N.R. Ozzano Emilia (Bologna) Italy.Bologna.
'

Italy

Department of Chemistry, University of Pittsburgh, Pennsylvania 15260 USA

The variety of geometries and molecular orbital I I' I "

symmetries available in hydrocarbon compounds and e2,

their derivatives make such systems attractive for D e2. bl b

studies of temporary negative ions in spite of their e e -.

greater complexity. Because of the close connections-

between the properties of the normally unoccupied .

orbitals and the energies and lifetimes of temporary c . .',
1 Vions, resonances with a number of different character- W t

istics can often be observed in the total scattering I

cross section of a given compound.

The interpretation of scattering data in complex

molecules is, of course, greatly facilitated by high

molecular symmetry. As an example of such a system we (C)i ~describe here our results in dibenrene chromium, a i _'.

"sandwich" molecule consisting of two parallel benzene I I I I I

rings on opposite sides of a chromium atom. The data 0 1 2 3 4 5 6

in curve (a) of Fig. I were taken using the electron ELECTRON ENERGY (eV)
transmission method devised by Sanche and Schulz

2 
and

show the derivative with respect to energy of the -

electron beam current transmitted through a gas cell Figure I

as a function of the impact energy. Curve (b) illus- The remaining features in the spectrum are too

trates a portion of the data on a more sensitive narrow to be ascribed to shape resonances. Rather, . .

, scale. In curve (c) the transmission spectrum is shown their characteristics suggest core-excited states of

with reduced discrimination against scattered electrons, the neutral compound. In particular the very narrow

- the electron beam attenuation deriving primarily from resonances at 2.4 and 2.57 eV are characteristic of

electrons rejected by elastically scattering back into Feshbach resonances commonly found in atoms and small

the monochromator.
3  

molecules, in which two electrons in Rydberg orbitals

* The major features in curve (a) are typical of are bound to the positive ion core. The profiles of

"shape" resonances formed by binding the impacting these resonances are substantially altered in curve .

electron temporarily into the unoccupied orbitals of (c), reflecting the angle-dependent interference

the ground state molecule. The molecular orbitals of effects characteristic of such negative ion states.

dibenzene chromium may be derived from the1 orbitals Acknowledgements

of two benzene molecules (face to face) and the 3d This work was supported in part by NSF and by

atomic orbitals of Cr. A careful examination of the NATO grant #1829.

appropriate interactions leads to the assignment given References

in the figure. Furthermore, the experimental energies 1. K.D.Jordan and P.D. Burrow, Accts. of Chem. Res.

and symmetries are in excellent agreement with the 11, 341 (1978). 7 .....

results of an Xa calculation similar to those carried 2. L. Sanche and G.J. Schulz, Phys. Rev. A5, 1672
(1972).

out on other organometallic compounds.
4  

3. A.R. Johnston and P.D. Burrow, J. Electr.Spectrosc.
and Relat. Phenom. 25, 119 (1982).

4. A. Modelli, A. Foffai, M. Guerra, D. Jones and
G. Distefano, Chem. Phys. Letters 99, 58 (1983).
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SHAPE RESONANCES ASSOCIATED WITH THE BONDING OF THE HYDROGEN

ATOM WITH FIRST ROW ATOMS IN SIMPLE MOLECULES *.''/

M.TRONC, L.MALEGAT and M. BEN ARFO

Laboratoire de Chimie Physique, Universit6 Pierre et Marie Curie

II Rue Pierre et Marie Curie 75231 PARIS Cedex 05 France

Differential cross sections have been obtained, The angular distributions of the scattered electron show

with a crossed-beams electron-impact spectrometer for the contribution of the s (1-o) partial wave, (whichcan-

the excitation of H-M (M=C,N,O) stretching motion in

a series of polyatomic molecules: HCN, C2H2' C3H4"

CH4 H2 NH3 . All these cross sections are dominated C 2 H2  6=90 E i :62 eV . .

by a 1-2 eV broad shape resonance centered at 6-8 eV n'f,4,
5 *, *'

which was not detected in transmission experiments
I  

- , nv2
because it is too short lived. Z ,nv '-1 ,r --

The extra electron is trapped in an antibonding CK "-...'

a* valence orbital, and the concentration of elec- U "• -
tron in this a orbital elongates the H-M bond which I -'

leads to prominent excitation of stretching vibratio- .... . ..

nal modes of the electronic ground state in the auto- L -

detaching process. Figure I shows an energy loss spec- W V ' ". i .

trum for the HCN molecule at an electron energy of \ - .. 2.

6.7 eV center of the 2 1 + resonance. Figure 2 shows 2 -1- I I

an energy loss spectrum for the C2 H2 molecule at 6.2 o 0.2 0.4 0.6 0.8 1.0 1.2
eV center of the 2 1 g+ resonance. The two spectra FIG.2 ENERGY LOSS IeV)
show prominent resonant excitation of the Hydrogen- not by itself support a shape resonance) together with t'

Carbon stretching motion (nvy modes in HCN; nv I , the d (1=2) or the p (1-1) partial wave in the trapping,

(ny 3 ) modes in C2 H2). depending on the characteristic charge distribution of

The characteristics of shape resonances depend on the a orbital in each molecule.

purely geometrical factors 2, and on dynamical effects: Most of these molecules are known to produce H ions by

it will be shown that the resonance energy can be re- dissociative attachment through Feshbach resonances lying

lated to the H-M bond length and bond strength, in the same e:,ergy range as the shape's.As these dissocia-

ting resonant states can also lead to vibrational excita -

tion of high vibrational levels
3

, they can interfere with

the shape resonances.= H C N e =900 Ei= 6.7 eV ';'" ''' "

S I I I I I nv2 Moreover ,it will be shown that the counterpart of the -n v3  
:.-. j [ fly3n se low energy electron-scattering shape resonances areob-

se rved in K-shell1 photoioni sa tion where they appear in the

z I discrete part of the spectrum on account of the more attrac-
0 tive coulomb field between the positive-ion and theejected-

electron,which shifts by roughly 10eV to lower energy the j
-0. ..__ _ _ _

LU resonance position in the ejected-electron kinetic energy
UJ scale. REFERENCES

I ~ ) K.D.JORDAN and P.D.BURROW Accounts of Chem.Res_1 1,39 1* ji i I(1978)
2) M.TRONC and L.MALEC.AT in Proceedingof the 38 th interna-us

tional meeting "Photophysics and Photohemistry above6 V V.
*4 . X100 Bombannes 1984. Eds LAHMANI Elsevier Scientific Pub. Co.

* ,(Amsterdam) in press.

0 0.1 0.2 0.5 0.8 3) F.:GRESTEAU, R.I. HALL, AHUETZ, ..VICHONJ.AZEAU.J.Phys

FIG.1 ENERGY LOSS (eV) B: Atom.Mol .Phys. 12, 2925 (1979).
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e - 3 OLLISION3 AT LO'.4~ IE

K. N. Joshipura* and H. ; Lesai* %

S> . P. S cience College, OND 388 001, India

z* hysica Department, Faculty of Science, M. 3. Univ. Baroda, India

. tadies on electron collision with trans~ tion, 00 --V 10. The effects of

0 are rare1 . Presently, rotational exci- 3orter ranged interactions may be small

tation of 0 by slow electrons, below 0.1 enough to be neglected, in the energy

-ev, is onded.0 posse:sses a 3mall range considered here.'

dipole moment, hence at low energies, the

lirst B-orn ao-croximation is reas3onably good. dfrne

2onsidering only che dominent dipole inter- 1. Josnipura K. N., Ind. j. e-ure

action, we tlake into account the asymmetric Ph.22,17194

top~' nature of~ the 03 molecule. Its 2. :{erzberg u. 'Piolecular bpectra and

rotational levcls are defined by ang.-ular moeuaAtrcuelol 111
Van n4ostrand steinholder (1966)

momentum quantum, no. ,and its subolevels

* Total or integrated cross- 3. Itikawa Y. j. Phys. Soc. Japan
32 , 217 (1972)

sections are calculated for various allowed
A, lso calculated 4. Crawford 0. H. J. Chem. Phys.

transitions, ~- 1 7, ~ (97

are momentum transfer cross-sections, by
4,5oyn tomehd 5. Rudge r*:. R. H1. J. Phys. 87

1323 (19)74)
K. incidlent energy, the cross-section are of

t-e order of i1 cmn for the m~ost dominent Kx

. . . . . . . . . . . . . ... . . .
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A LINEAR ALrERRAIC APPROACH TO ELECTRONIC EXCITATION OF ATOMS AND MOLECULES RY ELECTRON IMPACT

B. 1. Schneider* and L. A. Collins*

", *Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 USA

* We have extended our linear algebraic (LA) tech- Table e-H2 X'Y
+ 
+ b y

+
-

nique
t 

to treat electronic excitations of atoms and g u

molecules by electron impact. The total system wave- E(eV) o(a0 
2)

function ¢ has the form a b

n 12.0 0.85 1.92
Sfc + T d€ ,,cI=l c c 15.0 1.19 2.08-.-.-.-.

20.0 0.53 0.68
where 'Dc is an eigenfunction of the target atomic or

molecular hamiltonian, Fc is the wavefunction for the Wk performed under the auspices of the U.S. Depart---

scattered electron in channel c, and X is a "correla- ment of Energy and NATO Scientific Exchange Grant 687/84. - -

tion" function added for completeness and may represent

. orthogonality constraints or excited states not included References

in the first term. We utilize the Feshbach formalism to 1. 8. I. Schneider and L. A. Collins, Phys. Rev. A 24, . -.-

derive a set of coupled, nonlocal Lippman-Schwinger 1264 (1981).

equations for Fc. The channels included in the first 2. B. I. Schneider and L. A. Collins, Phys. Rev. A 30,

part of (1) appear in direct and exchange coupling terms (1984) .

while the correlation functions give rise to an effec- 3. L. A. Collins and B. I. Schneider, J. Phys, 8 17,

- tive optical potential.
2 

These integral equations are L235 (1984).

converted to a set of matrix equations by introducing a 4. S. Chung and C. C. Lin, Phys. Rev. A. 17, 1874 (1978).

discrete quadrature for the integrals. We make a fur-

ther simplification by envoking a separable expansion in 5. C. J. Noble, private communication.

terms of an L
2 
basis for the off-diagonal direct and all 6. V. McKoy, private communication.

of the exchange and optical potential terms. This pre-

scription reduces the coupled integral equations to a

set of uncoupled inhomogeneous equations and greatly

reduces the order of the matrix equations that must be

solved. For cases involving strongly dipole-coupled- .-'

transitions for which the separable expansion becomes

large, we have developed an efficient iterative proce-

'" dure for solving the coupled direct equations. The

separable expansion is retained for the exchange and

- correlation contributions.

We have applied the technique to electron scatter-

ing from He, H2
+ , and H2 at the two-state close-coupling

(2cc) level. Results for He and H2+ are in very good

agreement with other calculations. In the Table, we

present total cross sections for the X'+ to b
3
T+ excita-g

tion in H2. Our results without correlation agree well

with those of Chung and Lin;4 however, we note that cor- ri A

relation effects are very important for this transition.

This result is confirmed by comparison with new R-matrix.

and Schwinger
6 
variational calculations.

... ......

........ '......'....
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ELECTRONIC EXCITATION OF DIATOMIC MOLECULES BY ELECTRON IMPACT

X.L. Baluja*, P.G. Burke
+

, C.J. Noble* and J. Tennyson*

*SERC Daresbury Laboratory, Warrington, England.

+Queen's University. Belfast, N. Ireland. .,..

We report recent results which we have obtained Resonance parameters for low-lying states of NO-.

using a multi-centre R-matrix method with numerically Six-state R-matrix calculations assuming an internuclear

defined continuum orbitals for the electronic excita- separation of 2.1747 a 0.

tion of a range of diatomic molecules. These include Symmetry E (Ryd) (Ryd)

the first R-matrix results which have been obtained for res res

open-shell homonuclear and heteronuclear targets. The

" theory underlying these calculations and the numerical Iz+ 0.178 0.037 SE, SEP

methods have both been described previously
1 , 2

. > 0.15 Zecca et a1
9

Briefly, we use a modified version of the IBM ALCHEMY 0.082 Tronc et al
1 0

code
3 

to construct the Hamiltonian in the internal

region of configuration space and solve the single- 1A 0.086 0.031 SE

centre external problem using R-matrix propagator
4 

and 0.085 0.030 SEP

accelerated Gailitis expansion methods
5

. > 0.15 Zecca et al
9

0.057 Tronc et al-'

We have carried out two-state calculations for the Burrow" I.

X g b 
3
Z+u transition for H2 excitation using

both a static exchange model and a static exchange with

polarisation (SEP) model in which short range polarisa-

tion effects are accounted for by including two References
1. P.G. Burke, I. Mackey and I. Shimamura, J.Phys. B:

particle - one hole L
2 

terms in the expansion of the At. Mol. Phys. 10, 2497 (1977).

2. P.G. Burke, C.J. Noble and S. Salvini, .3.Phys. B; :scattering wavefunction. The results which we obtain At. Buke C.y. _Le L11 ( .

both for elastic scattering and for electronic excita- 3. A.D. McLean, Proc. Conf. on Potential Energy
good agreement with results obtained by Surfaces in Chemistry, p.87, (1971) (published by

"ions are in IBM Research Laboratory, San Jose, California,

Collins and Schneider using the Linear Algebraic ed. W.A. Lester, Jr.).

method
6
. 4. K.L. Baluja, P.G. Burke and L.A. Morgan, Comp. Phys.

Commun. 27, 299 (1982).
5. C.J. Noble and R.K. Nesbet, Comp. Phys. Commun. 33, L I

We have also investigated the application of the 399 (1984).
6. L.A. Collins, private communication (1985).

R-matrix method to open-shell targets by considering 7. J. Tennyson, C.J. Noble and S. Salvini, J.Phys. B:

theelctonc xciatonofH
4

7,8, 0 and NO I At. Mol. Phys. 17, 905 (1984).
the electronic excitation of H 2+ 2 8. J. Tennyson and C.J. Noble, J.Phys. B: At. Mol.

the case of 02 and NO the target ground state is repre- Phys. 18, 155 (1985).

sented by an SCF wavefunction and the excited states by 9. A. Zecca, I. Lazzizzera, M. Krauss ail C.E. Kuyatt,
J.Chem. Phys. 61, 4560 (1974).

single-particle excitations. In these cases we find 10. N. Tronc, A. HNuet, M. Landau, F. Pichou and

there is Increased sensitivity to polarisation effects T. Reinharit, .. Phys. B: At. Mol. Phys. 9, 1160(1975).

which are better represented by adding coupled states 11. P.D. Burrw, C'iem. Phys. Lett. 26, 265 (1974).

rather than by using a single-state with an optical

potential. For 02 we used a three-state model and

calculated cross sections for the transitions jaw "

X 3E- - a 1A and X 3Z- - b 1E . For NO we have
g g g

used a six-state model and calculatei the positions an, -

widths of a number of low-lying resonances. Some

*'. examples of these results are illustratel in the table

below.

. . . . . . . ... . . . . . . .- . . . . •............ ......... .........
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INELASTIC SCATTERING OF ELECTRONS BY HYDROGEN MOLECULE

N.S. Rao

' Physical Research Laboratory, Theoretical Physics Area, Navrangpura, Ahmedabad 380 009, India.

Independent atom model (IAM) 1,2 is the simplest term in the scatteing amplitude.

.* model to study the molecular problems in terms of respe- N.S.R. is thankful to Physical Research Laboratory,

ctive atomic problems. IAM has been used extensively to

. study the elastic collisional cross sections for hydro-~~~~~~Fellowship.- _ ,"-,",'

gen molecule'. Though the electron-molecule problem is.Flowhp

the simplest, none of the workers studied the electronic References

excitation in electron-hydrogen molecule scattering.

Motivated to this and the encouragement of my earlier 1. H.S.W. Massey et al. "Electronic and Ionic Impact
343Phenomena"; Vol.2 (Oxford) (1969).'...',

work, gave me scope to extend our studies
3 

to
2. B.L. Jhanwar et al. Phy. Rev. A. 22, 2451 (1980).

inelastic scattering of electrons by hydrogen molecule.
3. N.S. Rao and H.S. Desai, Curr. Scd. 52, 480 ''-.-

IAM can be used
I 

to study the inelastic collision pro- (1983).

cess. The averaged overall differential cross sections 4. N.S. Rao and H.S. Desai, Proc. of VIIth I.C.P.A.

. (OCS) for the present study can be written as
I  

(accepted) D-19 (1985).

I* ):2 'A(
0

) rI Sin qR] i .

( 8 ) 2 R J ( 1 ) 
. -"

where I (e) and 1A () are the hydrogen molec'le and

atomic DCS. Using Born and Glauber eikonal series
3

approximations, IA (0)Is are calculated earlier for

hydrogen ls-2s transition. These IA(9)Is are used for

the present study of hydrogen molecule through (1).

'PdDCS are calculptpd at incident energy F S 400 eV.

These results (
T  

are shown in table I at

E = 200 eV and 400 eV. -

- Table 1. ;-H2 inelastic DCS in units of a2 Sr
-1 

at

. E = 200 and 400 eV.

* E 200 eV E 400 eV

0 4.208 + 0 3.S41 + 0

5 1.836 + 0 1.203 + 0

1 10 7.262 - 1 2.833 - 1

20 8.217 - 2 1.320 - 2

30 1.581 - 2 2.157 - 3

40 5.345 - 3 6.5S2 - 4

so 2.299 - 3 2.626 - 4

60 1.136 - 3 1.282 - 4

* 70 6.333 - 4 7.061 - S

80 3.887 - 4 4.334 - 5

90 2.584 - 4 2.889 - S

100 1.825 - 4 2.055 - S 103,

Unfortunately no other data is available for the compa-

rison of present results. The present results will be

*- compared nicely in near future at scattering angles

9 600. The present results can be further improved

by incluling third Born term instead of third Glauber

I• .. - ' .
. . -..

-,_: _'--_',, - :' :i...... . .... .... ......................... . . .
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THE LOWIEST Z+ AUTOIONIZ ING STATE OF H,

S. ara* and H. Satot

I Institute of Physics, University of Tsukuba, Ibaraki 305, Japan

t Department of Physics, Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo 112, Japan

The energy width r and the energy shift A of the shown in Table 1. The zeroth order energy widths r
autoionizing state of two-electron diatomic molecular and resonance energies E

0  
are obtained by using the

res
system at internuclear distance R are given in atomic approximation A = 0. In Table I, the contributions from

units (a.u.) by p and f waves to P are denoted by rp and rf0, respectively.

The contribution from f wave is small enough to be neg-
b'. £) 1/2

" = 2wr(k)/k, k = {2(E - / (1) lected. The present resonance energies agree well with

5-9
those obtained by others. Work is now irn progress - . -.

- - = P" (k)/(E - c - /2)dk (2) on. the autoionizing states of different symetries.

E = E + A, (3) Table 1. Results for the lowest 1E+ autoionizingU .* %

state of h: in a.u.

where,

R 0 r 100 10 .'rlOO"
res p f Lx 0

r(k) = < [<k(1,2)1l/r121W(1,2)i1dk. (4) 1.0 0.7365 0.0082 0.0001 0.0082 +. ,'_

1.2 0.6292 0.0113 0.0002 0.0113

In the above expressions, 
4
k is the eigenfunction of PHP 1.4 0.5328 0.0143 0.0003 0.0143

and T that of (I - P)H(l - P) with the eigenvalue E
O
, 16047 0.72 .04007

1.6 0.4478 0.0172 0.0004 0.0172
T and E

0 
being interpreted as the zeroth order wavefunc- 1.8 0.3726 0.0199 0.0007 0.0199

tion and energy of the autoionizing state. The projec- 2.0 0.3085 0.0226 0.0006 0.0226 -0.1667 0.0226

tion operator P projects all the two-electron wavefunc- 0.3087 0.0210 0.0002 0.0210 -0.1783 0.0211

tions onto the subspace in which one of the electrons is 2.2 0.2472 0.0234 0.0002 0.0234

in the bound state of the one-electron system with energy 2.4 0.2051 0.0264 0.0002 0.0264

E, and H is the Hamiltonian. The function fk can be 2.6 0.1641 0.0299 0.0003 0.0299

expressed as the following form, 2.8 0.1287 0.0337 0.0003 0.0337 -0.3467 0.0340 %-"

3.0 0.0983 0.0378 0.0004 0.0378 -0.5365 0.0382

Pk (1,2)-X(C)k(2) +Fk(1)X(2). (5) 3.2 0.0723 0.0427 0.0003 0.0428 -0.7009 0.0433

3.6 0.0303 0.0485 0.0028 0.0486

The function X represents the wavefunction of the one Thirty basis functions were used for the calculations .o .% .'

electron system and Fk is the continuum wavefunction with in the region R _ 2.0, and 38 basis functions in the

wave number k. Integration in eq. (4) is parformed over region R 2.0.

angular part of k.

We have calculated the potential energy curves for 1. S. hara and H. Sato, J. Phys. B, 11, 955 t1978).
2+ 1-4

several autoionizing states of H2 and He2  For the 2. H. Sato and S. Hara, J. Phys. B, 13, 4457 (1980),

lowest IZ+ autoionizing state, the energy widths and the corrigendum 15, 1305 (1982).
g

energy shifts are calculated adopting the Coulomb, the 3. H. Sato and S. Nara, Abstracts of XII ICPEAC, p
7 7

5

static and the static exchange wavefunctions for Fk and (Gatlingburg, 1981).

it is found that the energy widths are not very sensitive 4. S. Hara and H. Sato, J. Phys. B, 17, 4301 (1984).

to the choice of the continuum wavefunction F The 5. A. Hazi, Electron-Molecule and Photon-Molecule -

accuracy of the energy widths depends mainly on that of T. Collisions, ed. by T. Rescigno, V. McKoy, and B.

The 1Z+ autoionizing states are interesting since Schneider, p281 (Plenum, New York, 1979).

they are related to photoionization and photodissociation. 6. H. Takagi and H. Nakamura, Phys. Rev. A, 27, (,91 .

We have calculated the energy widths, the energy shifts, (1983). 0 .*% -. ,-

and the resonance energies 7. L. A. Collins and B. I. Schneider, Phys. Rev. A, 27, 
°

101 (1983).

E res = - (6) 8. S. L. Guber.an, J. Chem. Phys., 78, 1404 (1983).

9. J. Tennyson and C. o. oble, private communication.

for the lowest Z autoionizing state of H2. Results are
u

. . .. .. . .- ..... .. .
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THE ELECTRON MOM4ENTUM SPECTROSCOPY OF H 2**

M.A. Coplan,* A.D. Smith,* 0.J. Chornay, J.H. Moore,
+

J.A. Tossell,
+ 

V.H. Smith, Jr.,, and J.W. Liu,

Institute for Physical Science and Technology, University of Maryland, College Park, MD 20742 USA
+ Department of Chemistry, University of Maryland, College Park, MD 20742 USA

Department of Chemistry, Queen's University, Kingston, Ontario, Canada K7L 3N6
Division of Physics, National Research Council, Ottawa, Ontario, Canada KIA OR6

*The cross section in electron momentum or (e,2e) assume a role. These effects can be accounted for by

spectroscopy factorizes under appropriate conditions substituting distorted waves for nlane waves in the

into an electron collision term and a structure term. I formulation of the collision process.3

Precise experimental cross sections coupled with accu-

rate structure calculations can lead to a better under- lso-g final

standing of the scattering dynamics which in turn can 0tae ate
be used to obtain more detailed knowledge of the tar- -

get's electronic structure. *n2 f-"

We have obtained precise (e,2e) data for H2 at states1 "_-"1oo.

four incident electron energies and have compared the .

results with calculations which take into account the -"

overlap of the Is-, 2p--u, 
2
p-u and 

2
s g H2 final

state wave functions with a high quality CI wave func-

tion for the Is- ground state of the H2 target.
2

For the lsg final state, the differences betweenj ..

experiment and theory are mainly due to the inadequacy 0- -

of the simple plane wave description of the collision - .
process; for the 2p- , 2p- and 2s7 final states, Fig. 2

proes; fr he u u 9 igg
discrepancies between the data and calculations can be

oL ,;euto deficie,;cies in, the H2 CI wave function. Fig. 2 snows a separation energy spectrum obtaineo

by surmning (e,2e) cross sections over the q range -

from 0.2 to 3.0 atomic units at electron binding ener- '

gies from 10 to 50 eV. The peak at 15.8 eV corresponds

to the transition to the Iso ground state of H, the
2

dominant ionization process. The unresolved peaks

covering the range from 25 to 50 eV correspond to the

l/o-g final states n z 2 final states of H 2. The difference between

experiment (full line) and calculations (broken line)

*"in the n = 2 region is well outside of experimental

error and is especially large around 30 eV correspond- .

. -- ing to the 2p, u state.

' ~References-""""

1. E. Weigold and I.E. McCarthy, Advances in At. and
Mol. Phys., 14 172 (1978)

Fig. 1 2. J.W. Liu and V.H. Smith, Jr., Phys. Rev. A,

Fig. 1 shows the relative (e,2e) cross section, submitted for publication

(q) , weighted 2 3. M.A. Coplan, D.J. Chornay, J.H. Moore, J.A. Tossell
(e,2e) and N.S. Chant, Lecture Notes in Chemistry, 35 156

electron impact ionization of H2 leading to H2 in the (1984)
2ls- ground state. The solid lines are fits to the

experimental data at incident electron energies of , .r

400, 800, 1200 and 2000 eV. The curve labeled CI is '.mw 1'
a calculation based on a CI wave function

2 
and agrees

best in the large q region with the 2000 eV data. ** Research supported by NSF Grant CHE8205884 and the

This is the expected result when distortion effects Computer Science Center of the University of Maryland

. . . .. . . . . . . . . . . ..
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ROTATIONALLY RSOLVED ELECROd-PHOTON COThCIDENCE STUJY
OF THE H2 (d '-) EXCITATION

J.W. McConkey, S. Trajoar,* J. C. Nickel and G. Csak
s

Depertment of Physios, University of Windsor, Windsor, Ontario, Canada
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

'Department of Physics, University of California, Riverside, CA 9507
XLos Alamos National Laboratory, Los Aiaos, 3M 87545

" Only three electron-photon coincidence measurements all these effects, we found considerable deree of

have been reported so far on molecules.
1  In these linear polarization and coherence. Figure 2 shows the

measurements no attempt was made to resolve the linear polarization of the coherent part of the

rotational structure of the band being studied and, radiation field for impact energy of 25 eV and 0.

therefore, no detailed information about individual scattering angle or 600. The Stokes$ parameters and the L .-

angular-momentum states could be obtained. The work degree of polarization are listed in Table L .

reported here represents the first attempt to isolate Table I. Stokes' Parameters at E0 . 25 eV.

and study by coincidence techniques an ensemble of (deg) Pc(circ) Pc(00) pc(5
0

) P .

molecules excited by electron impact into a specific 20 -0.041±0.10 -0.0810.14 +0.0210.10 0.010.20

rotational state. The polarization character of the 40 .0.0410.18 -0.03-0.17 +0.0410.19 0-06±0.31

radiation from the decay of the excited state was 60 .0.01-0.13 +0.3010.17 .0.1 5 ±0.lt 0.3±0.26

measured at 900 with respect to the scattering plane.

3000 hours of continuous data acquisition were required

to obtain the present data. Figure 1 shows a typical &hg..._ -J

coincidence spectrum. The three normalized Stokes'

parameters were determined for the H2 (X : vo = 0, No

= 1 - d 3 -, v, = 0, N, - 1) excitation at 25 eV electron "

impact energy and 200, 4
0

0 and 600 scattering angles -
followed by the (d 3 u, v 1  0, N1  1 a

3 
-, vf 0, Nf 600'-

= 1) radiation decay.

Fig. 2. Schematic representation of the obs rved
radiation field CE. = 25 eV, 6o-_

The Stokes# parameters can be analyzed in terms of state

multipoles characterizing the excited state with the

help of the formalism given by Blum and 
Jakubowicz.

2

The interpretation and implication of these results will

be discussed.

This work was performed at the Jet Propulsion

Laboratory, California Institute of Technology and was

supported in part by the National Aeronautics and Space

. Fig. 1. Coincidence peaks obtained for left and Administration and in part by the National Science
right circularly polarized photons. Foundation. _i__ A_

The circular polarization measurements indicate

that no net angular momentum perpendicular to the Reference

scattering plane is transferred to the molecule in these I. 1. C. Malcolm and J. W. McConkey, J. Phys. B 1Z, L67 . C .

collisions. Averaging over unresolved ground state (1979); K. Becker, H. W. Dasser and 3. N. HoConkey, ". 
J. Phys. B .1, 1177 (1983) and .17, 2535 (1984t). % , X?

magnetic sublevels in the electron impact process and 2. K. Blum and H. Jakubowicz, J. Phys. S 11, 9909.
the perturbing effects of fine and hyperfine fields in (1978).

the radiation process could cause significant reduction

of the coherence of the emitted radiation. In spite of

w.... .....
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S. ..-. . • .
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LASTIC AND INEILASTIC ELECTRONE SCATTERIMO CROSS SECTIONS

H. Khakoo and S. Trajuar

aJet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
Physics Department, Univeraity of Windsor, Windsor, Ontario, Canada N9B 2Z2

A bea-beam scatterinE arrangement was used to 211) KZ

measure differential elastic and inelastic electron ,.3OeV .

scattering cross sections for H2 In the 15 to 100 eV ."

impact energy and 100 to 1250 angular regions. The

relative flow method
1 , 2 

was utilized with the known

differential elastic scattering cross sections of He
3 

to

obtain the absolute cross sections. rhe calibration

procedure was checked out on Ne for which elastic cross

sections are known.

The H2 elastic cross sections obtained in the 15 ey Z

to 100 eV impact energy region will be presented and

compared with other experimental and theoretical .

* results.L
Excitation to the b

3
.
, 

continuum state was studied

at impact energies rantng from 20 to 100 eV. A typical

spectrum is shown In Fig. 1. The continuum energy-loss

Eu -30 eV

.12.0 13.0 14.0 15.
X1II ENERGY LOSS W)V)

Fig. 2. Energy-loss spectrum For H2 showing the over- -.
lapping band structure of the various discrete

electronic transitions. (i) computer fit (ii)
I '~~~~ experimental spectrum, (III) difference .. . -

X ~ spectrum.%

intensities were then transformed into absolute cross ril -

A &&A sections by the same procedure which was employed for
0 6 1 0 9 10 it 12 3 the

0s i uthe b3,: excitation. The results will be presented andENERGY LOSS (ev I

compared to other available data.
Fig. 1. ESergy-loss spectrum for showing the This ws,-a.Jo.

b -.- continuu This work was performed at the .et Propulsion.Laboratory, California Institute of Technology and was
profile was fitted to the Franok-Condon envelope supported In part by the National Aeronautics and Space

determined by Gibson to obtain the total scattering Administration and in part by the National Science

intensity associated with this transition. From the Foundation.

measured inelastic to elastic scattering intensity

ratios, we obtained the absolute excitation cross 1iAnrh3:~ stae b utiizin th elatic 1. S. L. Srivastava, A. Chutjtsn and Sq. Trailer, J..-. --
sections for the b

3  
state by utilizing the elastic Chem. Phys. 5a, 2659 (1q75).

cross sections. The present results will be discussed 2. & Trajmwar and D. F. Register, in Eer Majanu.
nolld a on, eed. L Takayanagi and I. Shimamura,

and compared to other experimental and theoretical data, Plenum Press, New ork, 1 984. - '  
-

Excitations of the BI * 3 C
1
7 and El: 3. 0. F. Register, S. TraJaar and S. L Srivastava,

Phyq. Rev. AZI, 1134 (1980).
eiscrete states were also studied at 20, 30, 40 and 60 4. T. L. Oibson, private omunication (198). ..
V impact energes. A typical spectrum is shown in Pig. 5. D. C. Cartwright, A. Chutj Ian, S. Traj mar and W.

2. The overlapping vibrational band structure of the Williams, Phy. Rev. 15, 1013 (1q77).

various electronic transitions were unfolded using a

computer code described earlier.5 . The scattering

,". .
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RECENT ADVANCES IN ELECTRON 4IMPACT EMISSION EXPERIMENTS
OF H2 , He, N2 AND Ar

J. M. Ajello
a and D. E. Shemansky-

'jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
4 Lunar and Planetary Laboratory, University of Arizona, Tucson, Arizona 85713

. We have completed experimental studies of electron has not been recognized in the literature and is .

impact cross section measurements of H2, He, N2 and Ar important for other molecules, especially N2 , H2, MD,

and have found the following fundamental results: 1) the D21 CO, 02.

_ benchmark dissociative cross section of H Ly- produced Work was performed at JPL-Caltech and was sponsored

by electron dissociation of H2, widely used as a by AFOSR and NASA.

calibration standard in the VUV, needs to be revised egference

downward by 0.69; 2) experimental H2 flydberg state cross 1. M. J. Mumma and E. C. Zipf, J. Chem. Phys. 5a, 1661

sections at low energies are lower than theoretical (1971.).

calculations; 3) the H2 (a
3
. b

3 : u ) 
continuum is an 2. J. M. Ajello, D. E. Shemansky, Y. L. Yung, and D.

calculations; 3)te1 2 a 
3 K wok, Phys. Rev. A L2, 336 (1984). - --

important uv emission process at low energy ( < 20 eV); 3. G. P. Arrighini, F. Biondi, C. Guidotti, A. Biagi,

4I) ionization excitation cross sections of He, the and F. Marinelli, J. Chem. Phys. ja, 133 (1980). . 4 - ".

simplest gas for this type of two electron excitation

process, show energy dependences different from

theoretical calculations; 5) the low energy vibrational-'-" 100

cross sections of both the H 2(B) and N.(a) states show

departures from Franck-Condon distribution due to

differences in excitation threshold of the vibrational

levels; 6) emission studies of the Ar resonance lines at 10 -
-

104.8 and 106.6 nm can be compared to electron energy E -.

loss experiments which measured direct and cascade cross

sections with good agreement. LI I

We have revised the Lyman- , cross section
I based on 10 100 IOD 100-

I lev)

previously measured Lyman- /Lyman bands and Lyman-, Fig. 1. The heavy curve is the h2B and the light line

- Werner bands electronic cross section ratios.
2  

The the E12C direct cross sections. The dashed
curves are theoretical cross sections.

3

revised value is 8.18 t 1.2 x 10-18 cm2 at 100 eV. . . . ..___ _ __.

" Also, the cross sections for the H2 Rydberg states c J.D -

." at < 100 eV are now lower than theoretical .. ,* .

calculations.
3 This is of fundamental importance since H .1 " e

0- -. '

R1 is the simplest molecule for theoretical calculations .,- _- .

of electronic excitation. The differences in energy "I .""-~ ~~.-.~4IlI-rn'. '-.

dependence are shown in Fig. 1. We show in Fig. 2 the - 3 ,. 50 0 50
• " " [EEGY eVI

first relative emission cross section measurement of the < "" " '

* a-b continuum compared to other important H2 cross 0
215 'C 10 k 00

sections. E%[EGY (eO

Simultaneous ionization-excitation of He leads to Fig. 2. Relative mision cross section of the H2
(aJ * -

b
: +) continuum.

emissions at 121.51 nm and 164.04 nm. We find that all .

experimental data is in agreement in respect to the 15eV '

shape of the excitation functions of the HeII emissions. Z IXPERIMENTAL 2

The failure of the theory to describe the experimental _ STUOIS 5 -'-. -

results stems from the neglect of electron correlation .

effects between two orbital electrons.
The cross section of the a

l
.. X1 

+ band system /
9 g 7NqESHCL) FRA..K

has been measured. The energy dependence of each 1/% .SI'IS C0O- . '

vibrational level, is shown in Fig. 3. At energies > Z0e4 INTESITIES

20 eV, the relative al vibrational cross sections I0 12 14 Do IS 20 22 24 2 -

gradually converge on the Franck-Condon distribution. Fig. 3. The re1l.tivt- enisi:or eros,. section. of tach

The threshold shift effect on vibrational cross sections vibrational level in the thrshold region.

V 

8 1 

22 
S 

°.
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ELECTRCN IMPACT EXCITATION OF N2 IN THE NEAR THRESHOLD REGION

T. Antoni
e
, S. TrajmarE and D. C. Cartwright'

eNational Research Council Resident Research Associate
'Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
+Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Electron scattering by molecular nitrogen has been peak associated with the X
1  

B
3
g, V 1 transition %g g

the subject of the most extensive studies among all at E 7.564 eV) whereas in other cases they change

molecules. In spite of all these efforts our knowledge orly smoothly (for instance for the process X? A3
-u,

of electron collision cross sections for N2 is rather v m 6 at E = 7.184 eV). The elastic DCS's are nearly

fraFmentary. In the area of electron impact excitation isotropic at this energy. J

of the electronic states of N2 the major problems are: This work was performed at the Jet Propulsion

1) non-availability of ,!ifferential (and in may cases Laboratory, California Institute of Technology and was

integral) cross section data at low impact energies supported in part by the National Aeronautics and Space

(threshold to few eV above threshold); 2) large Administration and in part by the National Science

discrepancies in the available cross sections at Foundation.

intermediate impact energies, On the other hand there

is a need for accurate cross sections for practical

applications and for guiding the development of

theoretical methods for the interpretation of such data. 101V

In our laboratory, we are in the process of [ _ ....

reasuring electron impact excitation cross sections for

the electronic states of N2 at low impact energies. One

encounters two major experimental problems with low-

energy absolute cross section measurements: 1) in

analyzing data associated with various bands of a given ". "
electronic state the cross section dependence has to be - " -
explicitly considered for each band (because the

excitations occur at different impact energies above the

respective thresholds); 2) special calibration

procedures are required to compensate for the dependence

of the detector efficiency on the residual energy of the

electrons and to place the measurement on the absolute o."...-...--.-...-...

scale. A new computer code for analyzing the electron

energy-loss spectra and a procedure for the absolute 0.
N(KC.S tO%% WVI

calibration of the cross sections were developed and

will be described.

We have now determined absolute cross sections for

elastic scattering and electron-impact excitation of the

lower triplet states of N2 in the near threshold region. Fig. I. Electron impact energy-loss spectra for N2  .
obtained at 10 eV impact energy and 150 and

Results will be presented for impact energies ranging 1200 scattering angles.

from 7.5 to 20 eV and scattering angles between 150 and

1200. The measurements are performed with a crossed-

beam spectrometer using single hemispherical energy

selectors. At 1.5 nA primary beam intensity the overall

energy resolution is 27 meV.

Two examples of energy loss spectra for 10 eV

impact energy and 150 and 1200 scattering angles are

given in Fig. 1. Even from these unprocessed data it

can be seen, that the intensity ratios for elastically

and inelastically scattered electrons vary drastically

with angle for the excitation of some bands (e.g. the

V ' ' "" I
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ROTATIONALLY-RESOLVED IONIZATION OF N2 BY ELECTRON IMIPACT

P. W1. Zetner, W. B. Westerveld and J. W. McConkey

Physics Department, University of Windsor, Ontario, N9B 3P4 Canada
*Physics Department, University of N. Carolina, Raleigh, NC 27650 USA

Recetlythee hs ben n inreaingintres in the ionization process as a function of incident

non dipole effects 1-3 following collisions of low energy eeto nrywl epeetda h ofrne

electrons with simple molecules. Excitation of the

32 s tate of N2+ha been particularly widely suid487 6 5 4 3 2 4 0
bease of the wide use of the resultant First-Negative ~P
bnsin plasma diagnostics. The development of super-

sncbeam techniques has allowed rotationally-specific

tagtpreparation so that non-ditole effects in the

exiat ion (ionization) process become much more obvious. 0e

Excited state rotational pomulations have generally been

deduced from emission spectra following the initial ex-

citation process. Considerable rotational warming of

the N 2B
2
.. state has been observed as the incident50e

* electron energy was decreased and various models have

been put forward to explain the observations. DeKoven

et al. 7su ggest that an interaction occurs between _____________________

the ion and the ejected electron thus causing a break- 4265.9 A22.
down of the ,K =+1 dipole selection rule. Becker et

3 1,+
al1. looked at the excitation of the N 2C "" s tate, Figure 1. Variation of 3914 (0,0) output

where no ejected electron was involved and observed fluorescent intensity as a function of input laser

similar rotational warming effects which increased as wavelenEcth. The R-branch members of the X 2 (v = 1)

the incident electron energy was reduced towards, a 27 (v =0) transition are Indicated.

*threshold.u

In the present study laser fluorescence techniques This work was supported by the Natural Sciences and -

*are used to probe the rotational population of the N, Engineering Research Council of Canada (NSERC). .~

(X ** ) state following electron collisions with a cold

N, beam from a pulsed supersonic jet. The operation References

wof the svStem was as follows. N + :, molecules were I. S. 1'. Hernandez, 11. 1. lDagdigian anil J. ",Doering,

*formed using aJusdeeto u. Atralwn . Chem. Phvs. .77, 6021 (1992); Chem. Phyvs. Lett.. .

sufficient time for thle decay of any' excited ionic 91, 4n9 (19g2)....

*Species the interaction region was probed with the 10 ns 2. P. .1. tDacdi, ian and 1. 1)loerin, .1. Chem. I'ins.

*puilse output fron a molect rrn N,-laser-numped dye lase r 78, IT.) f1990).

svstem. Suitable choice oif dye allowed different vibra- 3. K. lecker, I. 1. 1(raid, P. . Zetnvr and I. 1%%

tional levels of the NX + ta tc to be invest igated. mcConkev, f. Rhns 1 7 , 191S (1l984).

Following abopto ofalsr htnt. h + 4. G. Culp and A. 1. S tair, Ir ., .1. Chin. P1vs. 1, '17

(v - 0) state, the resulting 3911 Xfluorescence wa~s (19h7).

detec ted using a cooled phot-multiplier. Typical scans 3.. -91 Iison, * . Kony d K. N. lore, Cheni. Pbivs.

,fte B-branch region of the (0,1) vibrational transi- l.etit. 6S,, 2012 (197o).

tion are shown in Figure 1. Clear diifforencen in the. two 6. A. Carrinvgron and R. in1l-kett, Chem. '(c. lt t IMM

*spectra taKen at 300 ind '),) vV impact energ:ies canl he 7' , 19 (1940)).

seen with mote rotatilonal development anparent in tile 7. R. M. tleKoven, I). b.Levvy, I,.'1. H(arris , R. R.

50 eV qpecrmm. /evarski and 1. M. iller, J. them. Phins. 7, , 91,90

-Detailed st.,dies are beinp made of the effect ,f (1991

collisions involving secondarv electrtons from the 9, C. . Skhinin and K. .Sb itatticint,%. 0.'. lins..

ionization process or from beam-apertulre i nt erct Ions. Tech. thns. '8s 'H'1 ( 1981 .

Relative cross sections for different 'K transitions in

. . .. . . . . .
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PARTIAL GENERALISED OSCILLATOR STRENGYH FOR IONISATION OF THE NITROGEN MOLECULE BY 1-KEV ELECTRON IMPACT 
.,.. .

K.Kuroki F.Nishimura, N.Oda and T.tchimori , .

Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Meguro-ku, Tokyo, Japan " \js

Generalised oscillator strengths(GOS) have been absolute DDCS which were previously measured using a

derived from measurements of double-differential cross static gas target in our labolatory, by integrating the

sections (DDCS) for ionising collisions by electron relative TDCS over all ejection directions, assuming a

impact on various kinds of atoms and molecules. cylindrical symmetry about about the directin of the

However,in the DDCS measuremnts one annot determine the momentum transfer.

initial and final states of the transitions of interest The TDCS measurements to derive the GOS were

when many orbitals take part in these transitions, performed under coplanar geometry where the azimuthal

The aim of this study is to obtain more detailed angle t equals 0 or 7. The scattering angle was

information on the structures of the GOS, that is, varied from +5°,+2°,-2
° 

to -20, corresponding to

partial generalized oscillator strength (PGOS) momentum transfer from 0.21 to 4.9 au, and the ejected

corresponding to the specified transitions by using angle from +400 to +120*. Figure 1 shows the anguiar ".

electron-electron coincidence (e-2e) method, distributions and the energy sprctra of the ejected

The GOS becomes approximately equal to the optical electrons for the scattering angle Ca-15 ,in the form

oscillator strength when the momentum transfer of the of TDCS. The incident electron energy is 1000.OeV, and

incident electron tends to zero. Van der Wiel,Brion and the energy loss is 83.0eV. The four orbitals indicated

their coworkers(Brion and Hamnett 1981 and references by arrows in the figure, correspond to the molecular AWL

therein) have measured the partial optical oscillator orbitals of 
3
0g (15.59eV,X2lE

+ 
), 

1
I (16.96eV,A

2
Fiu),

strengths by using electron-electron and electron-ion 
2ou (18.78eVB

2
EU ) and 

2
ag (37.3eV,

2
Eg).

coincidence methods in the case of 0' scattering of In the nomalisation procedure we ignored the

incident electrons. In our measurements the scattering contributions of the log and lOu(409.9eV) orbitals and

angle of the incident electrons is not limited to the the configuration-interaction state(28eV).The

0 angle and therefore the monentum transfer of the contribution of the recoil peak to the TDCS was 20Z at

incident o1-'ron- can be varied. ea-5 ,40% at 6a=2 . Figure 2 shows the total and

In the present work,TDCS have been measured for a partial GOS plotted against the square of the momentum

nitrogen molecule bombarded by I keV electrons using a transfer(K) for the energy loss of 83.0eV. An arrow on

crossed-beam method. The (e-2e) spectrometer system the ordinate indicates the value for an energy loss of

consists of a cylindrical mirror analyzer(A -O.5, 83eV at KO which was estimated by extrapolation of the

/E/E-0.3%) for the scattered electrons, a 450 parallel- experimental data odtained by Weight et al (1976) for

plate mirror analyzer(L-4,.-E/E-1.0%) for the ejected energy losses less than 69eV.

electrons, fast coincidence circuits and o :Total

microcomputers. In measurements of the GOS,when the m :
3
-gFg2

energy loss of the incident electrons is fixed,the 0 :1u

energy of the ejected electrons varies, corresponding . A :27u

* to the individual molecular orbital taking part in the

ionising collisions. The TDCS and partial DDCS were

normalised to the absolute scale with respect to the

TDCS(10"cm 2eV-'sr 2) Eo=1OO0.OeV 4Etoss=83.OeV ".....-.,

8A=15 -
Fig. o..=biflding energy..- ' .

01

2
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GENERALIZED OSCILLATOR STRENGTH FOR THE XL: a'- g TRANSITION
g

IN MOLECULAR NITROGEN AT 1 kel' INCIDENT LECTRON ENERGY

G. G. B. de Souza and C. A. Lucas

Inttt d umc da lUniversidade Federal do Rio de Janeiro

Cidde nivrsiiri - 191 - iode Janeiro - RJ - Brasil

jGeneralized oscillator strength (GOS) for on the other hand, show a reasonable agreement

the dipole-forbidden q uadrupole -aIlowed transi onlIy forI >1 ~u
tion X'E+ -~ a'lg (Lymann-Birge-Hopfield hand)

in ;iolecular nitrogen has been obtained at

1 ke%" electron incident energy. ;~4I.. coo

We have used a crossed-beam type electron * \~ E,

energy-loss spectrometer which has been des- .- gLb

cribed earlier'. An extensive set of energy- .

loss spectra have been obtained in the angular .... ..

range 2 to 20 degrees. In figure 1 we present 2

a typical electron energy-loss spectrum, inea-J

sured at 20. The energy resolution is appro-

x Im ately 0I.(, e and the energy-loss range is

0 -35 eV

I GtIRL t - enc ri1 i I~. -L', Iit 01r It re gtl I f

-. I the Lymann-Birge-Hopfield Band.

Financial support from the CNPq, YINLP and FIJJB L~
fl.2is gratefully) acknowleged.
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LOW-LYING RESONANCES IN ELECTRON-LITHIUM MOLECULE SCATTERIN"

H. R. Michels: R. H. Hobbs* and L. A. Wright**

United Technologies Research Center, East Hartford, Connecticut 06108 USA

**Mission Research Corporation, Albuquerque, New Mexico 87106 USA

The resonance structure associated with ele tron location of the X state of Li is 0.42 eV, in

scattering by the hydrogen molecule has been the good agreement with previous theoretical studies.

subject of many theoretical and experimental studies
1

-3• 16.0 "*h , ""

In contrast, electron scattering by Li has received 14.0-

relatively little attention. Miller, et al have 12.0 1 ai

measured total cross sections for e + Li2 scattering in -2'+
2 2 0.0-Li( 2Sq) + Li(3Pu)

the 0.5-10.0 eV region and find a very large (-500 A2 10.0

and rising total cross section for the low-energy 8.0 Li(
2

Sq) + Li(
2
S,)

E
region. These results suggest that some sort of shape 6.
resonance may be found in this system corresponding to 4 Li(2S,)+Li"(Se)

4.0 u

been observed in electron impact excitation of Na2 5 2.0 5 "

The location of the low-lying electronic states of 0 . . . .

Li is also required for an analysis of Li formation -2.0

by dissociative attachment (DA) of e + Li and for u 2
2, -4.0 -

studies of collisional vibrational excitation of Li2.
6  

1.0 2.0 20 4.0 5.0 6.0 7.0

7 2\
McGeoch, et al have commented on the possibility of

Li formation through a series of reactionc similar to FIGURE 1 Low-Lying Resonant Stat, of Li.

those found for e + H 2. The A 2Z; + state of Li-exhibits a comple" potential

In order to clarify the electronic structure of energy for internuclear separations smaller than 3.45A,

the Li2 anion, a series of ab initio calculations of where a crossing with the X + state of Ii is found.
the parent Z state of Li and of several possible This resonant state of Li is mainly of the 'eshbach

th arn 2 2
symmetries of the anion were undertaken. The type with a small width for decay to the ground state

calculational framework that was chosen was a of Li 2. Of special interest is the low-lying 2 7u
configuration-interaction (CI) expansion built from resonant state which lies approximately 150 meV ah-ve

orthonormal Slater-type orbitals (STO's). An extended the ground state of Li This anion state has a

(14, 67r, 2) basis was optimized using several methods dominant MO configuration of (a 
2
1 a 

2
2g .. u

of approach. Complete orbital optimization was indicating a relatively large capture width for

possible only for Li and the ground X21u state of low-energy electron scattering, and is probably2 u
Li2  since the excited anion states are either responsible for the large scattering cross sections

autodetaching at some critical internuclear separation observed by Miller, et a1 for low collisional energies.
2'+ 2 2or are pure resonant states. The lowest 1 state of The character of this state is similar to the 17

g ug
Li , which is the principle channel for DA of e + Li2 , resonant state of N 2- in that the anion state lies

is variationally stable for large internuclear lower than the corresponding neutral parent for a wide

separations, and a smooth extrapolation of optimized region of internuclear separations (3.5"RZ9.0 1
)
.

orbital exponents for this state was carried out into References

the autodetaching region. The purely resonant states 1. C. J. Schulz, Rev. Mod. Phys. 45, 422 (1973).
2. "Electron-Molecule and Photon-Molecule Collisions",

of Li and Li were treated using a modified eds. T. N. Rescigno, et al, Plenum Press, NY (19791.

nuclear charge hamiltonian, similar to that described by 3. "Resonances in Electron-Molecule Scattering", ed.
t D. G. Truhlar, ACS Symp. Series 263, (1984).

Nestmann, et al. In this method the resonant 4. T. M. Miller, A. Kasdan and B. Bederson, Phys.
states are variationally stabilized by an increased Rev. A 25, 1777 (1982).

5. D. Teillet-Billy, L. Bouby and J. P. Ziesel, Abet.
nuclear charge and an analytic extrapolation is 13th ICPEAC., ed. 1. Eichler, et al, 294 (19831.

carried out to determine the real part of the 6. ., M. Wadehra and N. N. Michels, Chem. Phys.
Lett., in press.

expectation value of the unperturbed hamiltonian. 7. M. W. McGeoch and R. E. Schlier. "Production and

The calculated results are shown in Fig. I for Neutralization of Negative Tons and Beams", ATP
Conf. Proc. 111. 291 (19841.
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",SERVATION OF f 3-gF F2 NI-LECULE BY ILFCTF: " ENEY L-" 'T"

a.4

K .H o s h i b a Y .F u j i t a , S .S .K a n o 
t ,  

1 •Ta k u m a + " ° a°

T.Takayanagi , S.Yagi , K.Wakiya and H.Suzuk + + . .

+ Institute for Laser Science, University of Elecro-Communications, Cnofu-sh, Tokyo 18: apar.
±. Department of Physics, Sophia University, Chiyoda-ku, Tokyo, 102 Japan

Recent years molecular fluorine has been of great almost the same as that of F
1  

, which. expected by " "

interests because of its wide application to the high the analogy with the case of C12 ."

power UV lasers such as rare gas halide or F2 lasers. We Above 12 eV, our high resolut:cn st'-5r.-f .--

performed high resolution electron energy loss spectro- FWHM is identical with the reported one by 5. k -

s c opy o f F2  to f in d th e up p e r le v e l, 3 F, laser .In a l ..

the pioneering work of Nishimura and his collaborators, As for the lower laser level of F, laser al u e

the lower level of the laser transition, a has been confirmed the assignment of Nishi-ura et 11.1

reported, which we also confirned by the use of "contari- scattering angle dependence of the broad feature near Ye;

nation-free" sample. is shown in Fig.2 and is consider-dto be a superposison.

The experimental apparatus was the same as we of the triplet and the singlet state. C-n the other hard,

reported in the XII ICPEAC.' The overall resolution was another broad feature near 7 eV , which is considered to
30-50 neV. The incident electron bear was crossed at 90 be3 , 3-+ ' 1 .. g and 3- , does not show any drastic

deg. at the collision center. The sample gas contained I0 change in the scattering angle dependence at the :nc dent

% of F, n He, whsch w as delsver-d from Central Glass fo. energy of 30eV. Detailed analysis will be discussed. . . -. "

T h. purity of t ne sample was satisfactory : we observed This work was supported by grant-i r-aid for the

cnly the feature of N at/ar- ,d 13.14 eV in the eoergv F s . -- s- .,- :: W: < . - .

loss spec
t

ru ar .74%, CF less than 0.0002% 1.

F4 . 1showsthe Pems cs,; spectru-o ,a ho .de o t e l e c t r en ,o r -f 1 e V . n t h e e n e r gy l o s s F , a t3.re-,scn of . , ecC to I .? ., the viprational struc.ture 

-: -'::-'_
- - o b s e r v e d a t t h e s m a l l e r s c a t t e r i n g a n g l e . I t i s XF ' ' ' " " " 

"
evident that, for the larger scattering angle , a newOa r e f- , t. pr:ctd 

upp aer ar leel.'The

El 18eV '1 , 
) X1024 

''"'''''

s--psre" bomes apaen near !i t eV.tru assnt tese-
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, , ,ir

.- 
A ,LL I 0.0 .0 40o .0 .0 - .: .=.*,.,5-~960 X1024- , EEGYLSS(

W /'1 
£ ,-. '".-.".,'•_'..'-

%,,$$ 
.~ ",'P*,'",. .'; .".. : 4<': "5,'' ''......

12.0 

23.0 

1440 

8..

ENERGY LOSS (ov)
FIg. 

.

: .

::::::::::::
.jv : Z

-.:.: .: -.:::..:...-. .:: :-: .,:.:: ,:.: :- ,::,::: _....... . . -.: ._::
t,: i:::::::::::::::::::::::::::::: ==============================.-.:.:::,. -:_::-- ::::::::::::1: :-A:: ,:. r: .r:..: .-................................................

I ...... ..... .i... .. .. ...... . "... "- 
l; 

-



F66 255

V. HI. CIIIIAYA
Department of Physics, SaurashLra Unliversity. iczjkot 36U 005 india

* Various interstellar inolcculat species Olie of thQ Il,,oy inoiecuL-'c Fiutv inlII'

LI lIo inq dlscovpred. T heiL stu~iy c-n help iliteLtll 4 !s jis I211 ac u'.It i:; '11cco

1,1' it Uo cndeI.rst'u' Li5t"e 'no oneni~ 0 h01 of. I.ie Comet Ly ilflOIlsCle; llh tii'' , 11,-

in oi~ f stasl ari-I tit,' c(y_)i -ij of ilives7tlyn3ti )IIutinI xitd 'In C1037

... l..t~t".[..[ y~5 3' : Innsir(e cll('Ula t?' U.SiF1-. Lii ' s.

Aion- u" gar if; V.21y thinl, tie couoLinj lapIroxcittttion for 104j ei11 jy ( < I iv)

* LI~ jinl Iexcite'6 polnr .01 "guI.' -e.y Lectroiri '-ollisi ini aith -If iI cul'. I'

.'tuI. vi. -1 (I111js,3i, of r.<jIjl.[i rLgilt; 1r,- cii-''ireI i tiin.;" o ther

-I ti; . osr of thrnil enrj' of. tit-, gas inv'islicjators . Further rot-0 of th- -L-tL'd 1 111

a I) Ie.ii ijan -11nJ IIC 2 i I Ii[cus:L"( coot Linv :ie to i )tatiori":ci it ir

"iv.~..i;lit of t-11is Lvy of. LCoo)Il j inllcilt'.

LiW inLt-r-teILar 'ja5. 2-ollisiins of free
References.

ci .2.t~lSif any, with such i~lasiec-ll mayn~ be
1 * A. Dall 4arnio otic (1 it . I c r.'I 1 ,11~n . It,'v

anl iImr)crtallt illechalism to cc sI till Astron, A.troohlys, 10 (1972) 375.

jitecrsteilar gas coiltdinlilj tinm.
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ELECTRON MOMENTUM SPECTROSCOPY OF CIILORINI"

C.E. Brion, L. Frost and E. Weigold

The Flinders University of South Australia, South Australia 5042, Australia

The valence region of chlorine has been examined - 0.0
in detail using noncoplanar symmetric electron ,

coincidence spectroscopy at 100eV. The experiments

were carried out on a coincidence spectrometer 5

employing a new five element retarding lens with

improved angular resolution, and position sensitive

detectors mounted on the hemispherical energy

analysers. The energy resolution was set at 1.3eV .

1Wt. Complete binding energy spectra from 9eV to 20-_ -

30ek werc mcasured over a range of azimuthal angles

corresponding to electron momenta of -0.1 a.u. to

-a.u. The pole strengths for the various

transitions and the individual orbital momentum

distributions were obtained by fitting the peaks in

the measured separation energy spectra with the

measured transmission function suitably broadened in

some cases to allow for the natural widths of the

states.

The ground state MO configuration of CC, is

(core) (4- g (u) (5g) (27u)4 (2-g)
4

u u - -

Spherically averaged momentum distributions of all

five valence states have been obtained, and the inner

•1 u and 4 - transitions have been clearly identified

for the first time.

The results are compared with the manybody Green's Figure 1. Separation energy spectra of Chlorine at

function calculation of Bieri et al . This calculation = 0' (q-'O.( a.u.I and = 
° 
(qo.3 a.u. I. Fhe

is in poor agreement with the data in the inner valence curves are the results of Gaussian fits to the data

region. Although it predicts splitting of these using the experimental transmission function and . ..
orbitals, it underestimates the severity of the natural line 6idth.,"

splitting and obtains incorrect positions for the

dominant poles. Figure 1 shows typical binding energy

spectra at = 0° (pvO. l au. ) and 2 = 
°

p'O.S a. i. I.

The measured momentum distributions show that the peak

at about 27eV binding energy must be assigned to the

4:g orbital which also shows considerable strength in

the 33eV to 40eV region. The peak at about 24cV must

be assigned to the 4- orbital, as must most of the Reference

strength in the 20 - 22.5 and 30 - 35eV binding energy I. (;. iueri , I A I~irn and I%. ,n \ ,

regions. ,. 1lect ron Spct ... 2-. 1 2 1 l 2 ."'

Ai- -- I.. .

S.. . . .. . . . . . . . . . .. '-.
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LOW ENERGY ELECTRON-IMPACT EXCITATION OF HF

S. Cvejanovi6 and J. .iureta

Institute of Physics, P.O. Box 57, 11001 Belgrade, Yugoslavia

We present the first low energy electron-___________________'

impact excitation study of HF, obtained using a field- n3 4 5 678..
penetration tr-.,ti1 spectrometer . The apparatus is a V I I 1I 11
crossed beair electron impact spectrometer whose analy- r' ~ eiT)nn 1
ser is sons~tivo to very slow olectrons (016E <-1 meV),

produced at the scattering center during incident beam

ene'rgv scan. The ovorall resolution is 40 meV.

U

*,1~ airf,4a, In

,4-
9 10 Ei (eV)

FIGURE 4 L~Ayest energy contimuum In HP

* T7he lowest energy structure is a broad conti- %
nuum having a maximum at 9.9 e.V. Considering the high 13 14 is 16

2energy electron-impact data on the 1 continuum, a Incident electron energy (e V)
* decomposition of the tihresnold yield, as indicated bel-

nw the spectrilm ^f FjIF 1 , shnws the dominant ontribu- FIGURE 2 Treahold spectrun in the Rtydberg region

*tion of previously undetected 3T1 component with a ma-
is within the error bar of its energy calibration, al-

*ximum at 9.: 0.1 eV, 0.6 eV below the in
* gnerl aremen wih alclaton 3  though this energy difference may loose any aignifi-

cance in light of large width of the resonance 5. One ~** ~~~There is no detectable excitation of HF between salpa t1.8e scicdh ihV2lvl,' '

*the continua from Fig. 1 and Rydberg excitation region -
of (1'711 npro 

1T1l state whose other vibrational levels
shown in Fig. 2. Almost all prominent peaks in this

reinare neatly represented by a single Rydberg se- are .masked by stronger nearby contributions.
The last peak below ionisation rise and the stru-

* ries of six levels whose mean quantum defect is 1.0,
cture in the beginning of the ionisation continuum pro-

and only the first member shows notable vibrational

exiain eietfe hsaae hs unu e bably correspond to the lowest Rydberg levels converging

exctaton Wee identifie thisc state, whs quantum.12eeV2
fect is slightly smaller ( 6z0.91) than the rest of the t h xie oi tt .a 91 V

series, with (17T) -1 3po siT, whose existence was indi-
4 Rfrne

*catpd in the photo-absorption work . Following this Rfrne

and intensity distribution arguments, we attribute the 1. S. Cvejanovi6, J. Jureta and D. Cvejanovi6, J.Phys.

dominant contribution to other members of the seriesB1,15) inpes
shown~~ onFgT2t p , 2. A.P. Hitchcock and C.E. Brion, Chem. Phys. 61, -.- *..

shw nFg.2t To excitations, despite the 281(1981).

fact that the integer value of quantum defect indicates 3. C.F. Bender and E.R. Davidson, J.Chom.Phya. 49,

*ns Rydberg series. 4989(1968), and T.H. Dunning Jr.. J.Chem. Phya.65, i
3854(1976).

* The rest of the smaller peaks bellow 14 eV, star-
4. A.E. Douglas and F.R. Greening, Can. J. Phys. 57,

*ting with a doublet feature at 12.74/12.80 oV, can con- 1650(1979).

*sistently be described by selective resonant excitation 5. D. Spence and T. Noguchi, J. Chem. Phys. 63,

*of trs24125, 30 and 37 vibrational level of otherwise 505('1975).

unnoticed B1 
F state. The resonance series in question

was detected in transmission5 at energies which are

about 40 meV above the mentioned B-state levels, which

% - .
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ELECTRON ENERGY-LOSS STUDIES USING A MULTIDETECTOR SPECTROMETER:
THE SPECTRUM OF Cl2

Richard J Stubbs, Trevor A York and John Comer j'.-

Physics Department, The University, Manchester M13 9PL, UK

The energy-loss spectrum of Cl2 has been studied 4. T Moeller, B Jordan, P Gurtler, G Zizmerer, D Haaks,

up to the second ionization potential A 7u at 14.2eV. J Le Calve and H C Castex, Chem Phys 76, 295 (1983) -.-. '

Approximately 70 new transitions have been seen and in 5. D Spence, R H Huebner, H Tanaka, M A Dillon andR G Wang, J Chem Phys 80, 2989 (1984)
addition new information is revealed regarding many

1-5Hicks, S Daviel, Wallbank and J Comer,
that have been previously reported . By employing a Phys E:Sci Instrum 13, 713 (1980)

* variety of scattering conditions, transitions which are

. forbidden by electric dipole selection rules and are

consequently absent from photoabsorption spectra can be

enhanced relative to those that are allowed. In the

present work a monochromatic beam of electrons with

energy in the range 5 to 120eV is scattered by a target

gas which effuses from a narrow tube. Electrons

scattered in the range of angles from 00 to 900 have

been detected.

In order to minimise effects due to corrosion the

spectrometer incorporates two special features. Firstly,

a position-sensitive multidetector like the one
6

described by Hicks et al is employed to greatly

* improve the detection efficiency of scattered electrons

and consequently high quality spectra can betimes. ~ ~~FIGURE I Spectrum of chlorine between the first .°' " "

accumulated in relatively short times. Secondly,

differential pumping is used to reduce the background and second ionization potentials l(a) displays raw

gas pressure in the vicinity of vulnerable components. data, (b) and (c) are the result of subtracting a

smoothed background. Seven vibrational series arei.-.-.-
The spectrum of Cl2 between the first and second

°" ionization potentials has not been previously discussed indicated.

" in experimental reports and is shown in figure 1. The "

top spectra displays the new data obtained in this a) 100eV, 20

region and it is evident that many small undulations :.

are superimposed on a slowly changing background. By

subtracting this background the undulations become more / .-.. ,.-"o

apparent as shown in the lower two spectra. The

majority of the transitions that are seen in this region .. -, ~~RP3 """""-

form six vibrational series, four of which are allowed ..... 3 L

and two spin-forbidden. Following consideration of

the effective principal quantum numbers of the series

three may form a Rydberg progression converging on the

second ionization potential. The series display a b) 100eV. .-. . .I .00%-

quantum defect of 2.2 and the progression may represent

'Eu
+ 

states having configuration 3p2 3pru 3
3
pg

4 
nsg. 9 d
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AN ELECTRON ENERGY-LOSS INVESTIGATION OF FREE RADICALS

Richard J Stubbs, Trevor A York and John Comer

Physics Department, Manchester University, Manchester M13 9PL, UK P

Free radicals such as SO, CH 3 and S2 comprise an References

important group of molecules that are not available to 1. P J Hicks, S Daviel, B Wallbank, J Comer, J Phys E

the experimentalist under normal laboratory conditions. 13, 713 (1980)

They are chemically unstable and have lifetimes in some 2. T A York, J Coer, J Phys B, 16, 3627 (1983)'

cases of less than a millisecond. However, they are 3. 1 A York, J Comer, J Phys B, 17, 2563 (1984)

* physically stable since they have a non-zero dissociation 4. R65, Donovan, D Husain, P Jackson, Trans Far Soc,

energy and, if undisturbed by collisions, do not 5. R J Donovan, D Husain, C D Stevenson, Trans Far Soc,

spontaneously decompose. The study of free radical 66, 1 (1970)

spectra has contributed greatly to the knowledge of 6. 1 Barnes, K H Becker, E H Fink, Chem Phys Lett, 67,

molecular structure, but it has been mainly limited to 310 (1979)

7. I Barnes, K H Becker, E H Fink, Chem Phys Lett, 67,
photon-related techniques such as photoabsorption and 314 (1979)
photoemission. Even relatively long-lived radicals

such as SO are unexplored by electron impact methods. FIGURE I Spectra accumulated at an impact energy of

An electron spectrometer incorporating a position- 100eV above the excitation threshold and scattering

sensitive multidetector which has been previously used angle 20

_ for electron energy-loss investigations of corrosive a/ discharge on

gases
2
,
3 
has been modified for the study of free radical b/ discharge off

spectra. Radicals are produced by a 2450MHz discharge

in a low pressure gas flow through a J" diameter pyrex

tube. The discharge products pass into the spectro-

meter through a Irmm diameter nozzle and the resulting

molecular beam is crossed with a monochromatic electron

beam.

An ene:gy-loss study has been made of SO, produced F"

" by a discharge in a mixture of sulphur dioxide and

argon. Spectra have been collected at impact energies so-'. ~~- 4s, 5so-""'"''

of between 12eV and lOOeV above the excitation thres- i ~ ~~~~SO E
3 "

.. "-.?"-

hold and at scattering angles between 20 and 750. The a/. S-,
energy-loss range covered extends from 0.5eV to 9.5eV.

A typical discharge spectrum is shown in figure la and

is compared to an undischarged SO, spectrum in figure lb. o .

* In addition to the expected SO transitions, features So ( I ' ,

due to the transient molecule S 2 are also observed. so W-

Spectra collected under optical scattering conditions "4" :It, g

are in agreement with photoabsorption studies4
'5 

and j v ",,.'" "

contain new SO Rydberg states. b" •

At low impact energies the low-lying spin-

forbidden states a &g, b Z g have been observed in SO, . ._
'

S and 02 and compared to the results of chemiluminescence

studies
6
'
7
. A superelastic scattering spectrum of the VIM

a'tog state in S2has been obtained. Two new quadrupole

transitions in SO are also proposed.

..................................................................... .

....... ....... ....... ....... .......
.. .. .. . .. .. .. . .. .. .. . .. .'"--
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THRESHOLD EXCITATION OF N2 0
ba.

D. &ubri6, J. Jureta, S. Cvejanovi6, D. Cvejanovi6* P. Hammond'*, G.C. King
*
*, and F.H. Read"

Institute of Physics, P.O. Box 57, Belgrade,Yugoslavia

Faculty of Natural Sciences and Mathematics,Department of Physics and Meteorology,
P.O. Box 550, Belgrade, Yugoslavia

t
+Physics Department, University of Manchester, Manchester M13 9PL, England

An electron impact threshold spectrometer of the n,

field penetration type has been used to study the Ty'7w
n.3 (2j1T-nfp6) 45 f

spectrum of N 0. The spectrum is obtained in the energy I I p"
2 1i

range from 1.6 eV to 2oeV and with an overall reso- (T..npfl') -

lution of 45meV. 1) f.3....... 4 5

The spectrum on figure I corresponds to the excit-

ation of the lowest valence states. The structures cor-

responding to the excitation of optical allowedI
AfT and 2 states, previously observed in both

high energy electron impact
2 

and photoabsorption
3  

o "

experiments, are indicated by solid vertical bars above * ; .

the spectrum. Positions of optically forbidden Q - : U V I INS INS -_-
and 37 states observed in present experiment are in ,.-.

agreement with previous low energy experiment There \" "

is no evidence of the excitation of 3 y and I , I i I , I
9 10 11 12 13

L.-- in threshold spectrum and dashed lines indicate INCIDENT ELECTRON ENERGY (eV] :-"''""*"

their calculated positions '

FIGURE 2

3r + -of the ground state is observed. It corresponds to the

o . { ' ;decay of two shape resonances, known to be present in

thts energy region.

k.0, References

~ -1. S. Cvejanovi6, J.Jureta and D. Cvejanovic
J.Phys. B 18, (1985), in press.

2. R.H. Huebner, R.J. Celotta, S.R. Mielczarek and
C.E. Kuyatt, J. Chem. Phys. 63, 4490 (1975)

3. J.W. Rabalais, J.H. McDonald, V. Scherr and

McGlynn, Chem. Rev. 71, 73 (1971) F
FIGURE 1 4. R.I. Hall, A. Chutjian and S. Trajmar,

The spectrum on figure 2 presents threshold excit- J. Phys. B 6, Lill (1973)

ation of Rydberg states. Rydberg series converging to 5. N.W. Winter, Chem. Phys. Lett. 33, 300 (1975) .. . -

the ground X tI state of ion are indicated in the * -

figure. The dominant features correspond to the excita- , . *. ,

tion of the ns6 , npG , and npm! Rydberg series. In the

same energy range the excitation of the lowest ns6

Rydberg state with A
2

E+ ion core is observed. Besides,

a number of new structures, possibly belonging to an

optically forbidden Rydberg series, has been observed.

New structures are indicated in figure 2 by NS.

At impact energies between 2 and 3 eV a broad

structure caused by the resonant vibrational excitation

. .ii : *:; . .* *. " ".-:: *. * * **. 1 *: :: !. .- " .*
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SIOMENiTUS DISTRIBUTIONS AND BINDING ENERGIESIle
JF H20 A14D NH3 BY HIGH '4ONENTU41 RESOLUTION BINARY (e,2e) SPECTROSCOPY .

A.0. Bawagan, R. .4%Yller-Fiedler, K.T. Leung+ and C.E. Brian

Departmsent qf Chemistry, The University of British Columbia, Vancouver,
B.C., V6T 1Y6, Canada.

o 0

Hi. ts ;t0i I ) bilary (e,2e) -0

spectroscopy, in the symmetric non-coplanar geometry (E co -. I\(tV ~ ..

1202eV). has been used to measure the binding energy e

spectra and momentum distributions (10s) of the valence Z C

*orbitals 3f H-0 and NH3. Representative results for H 20 4. 0

are son ii Figures Iland 2 . The binding energy spec- 0 10
tra (Fig-la) show considerable satellite structure in the --- S

configiration interaction (many-body) effects involving 2025 000~1

the (2a )~hole state. This result is in general accord ,~ 1 H.0 b
with the predictions of a variety of theoretical -(22v, (85.

studies'-
3
. However, the best quantitative agreement (in

terms of both peak positions and intensities) has been

obtained with the SAC-CI 'AV calculation
2 

shown in Fig.lb. 00

It can be seen from Fig.2 that there are significant 6 C

discrepancies between the measured and calculated l4Ds for *-

the lb, an a orbitals. The calculations have been I., 0

done with a range of literature SCF wavefunctions'- 6 . A C~ 0.5 1.0 1.5 2.0 25 00 .5 .0 . 2025

comparison of theoretical MDs calculated from even more Mormentrm (o u.) ,.*

sophisticated wavefunctions
7
-
8 
(ie. with total energies Figure 2 Experimental and calculated momentum

extrmel clse t th HatreeFoc liit) iththedistributions for the outer valence
extrmel clse t th HatreeFoc liit) iththeorbitals of water.

*experimental MDs, will be presented. In addition, the
This work received financial support from NSERC

*effect of vibrational motion on momentum distributions is
* curenly nde inestgaton.(Canada) and Deutsche Forschungsgemeinschaft (Post-

doctoral Fellowship for RIG'). . . j

H20 +Present Address, Lawrence Berkeley Laboratory

SAC-Cl NV
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INNER-SHELL ELECTRON iLiER0Y LOSS

rC.E. Brion, R.N.S. Sodhi and K.H. Sze

Department of Chemistry, University of British Columbia

Vancouver, B.C. V6T lYti, Canada

Core electronic excitation spectra of PCI 3 (Phos- It is unusual to observe such Intense forbidden trans-

phorus 2p, 2s; Chlorine 2p, 2s) and S02 (Sulfur 2p, 2s; itions uinder the present condtions ')f 'v'-'~ transfer..

Oxygen Is) have been measured using inner-shell electron K' - f-.25). Spectr4 have h-. . ) . .s 1 ;,:a--S ~ ~energy loss spectroscopy at high impact energy and small tering angles to investiga.- Y,~ . -

scattering angles. . r--t ion. Frin figire 2 it xi;; he scei th, :i.

The measurements for PCI 3 were made using an earlier-

described spectrometer! at E - 1500eV and over the range

3-0.9 to 4.8 degrees. Theoenergy resolution is in the so'---2

PH OS H O R S jE = 3000ev

2p.2s REGION AE0=0O9eV*Z 3 4 6I

ii =j

30 4 50 '60 170S IS '90 200 210

Iiur Energy Loss Spectrum of PCI3  tR3 LSS eV
Figure 3 0 Is Spectrum of SO

1 2 3
ition (4*) becomes relatively large by 4.8' cuimpared

PCI 3  ILto neighbouring dipole allowed transitions (1,2,3). A

P2p detailed investigation of this forbidden transition will

*6 be reported together with the other PCl3 spectra
3
.

A new high resolution electron energy loss spectro-

e (deg) meter' has been used to study core electronic excitation

4.8 - .specta of SO, (Sulfur 2p, 2%; Oxygen Is). These spectra
were obtained at E. 3000eV and -' 0'. Figure 3 shows. ....

- the 3) Is excitation spectrum if SO_ obtained at an

2.8 *,-..energy resolution of O.0
9
eV (FWHM). This corresponds to

an equivalent 2.of 0.004.' at 2V~ which compares very

019 -. favourably with resolution obtainable by optical methodls

In this region. These results and the sulfur spectra"

opticoI-U. wiii be reported.

I I This work received financial support frum The

ENERG LOSS 13 NArral Sciences and Zngi-ieerinig Research CokknCil )f

ENER Y LO S (WCan ad a.
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ELECTRON ENFRGY LOSS SPECTROSCOPY
OF ,H3 IN THE 5.5-11 eV ENERGY RANGE

0. Roy, M. Furlan, M.-J. Hubin-rranskin, j. Delwiche, and J.E. Collin

Laboratoire de Spectroscopie d'Electrons; Jniversit6 de Liege B6,
Sart-Ti>lman, 4000 par Liege I, Belgium. -

4e report a study of the singlet states of ammonia in a 'v spectru-, while the relative intensities of the

in te 5.5-1I eV energy range by means of high esolu- different electronic bands are somewhat different. But

tion electron energy loss spectroscopy. Spectra mea- draratic changes occur when the scattering angle is in-

s,-'ed at 5' e' incident electron enere! and various creased, deoending on the character of the transitions. - --- *

szatterin. angles 40"-O with an energy resolution

o' 1 or 2 2 'e. allowed us to deter'-ine further accu- Tre dominating 9 state progression exhibits 15 vi-

rate data en the vibrational proqressions and electronic brational levels involving out-of-plane vibration. The

states. :revioslv -ublished elect-or i-Dact measure- region above shows the two overlapping progressions of

"ents here obtained at Tediu- enercv resolution. the B and C states, the latter being much stronger in

electron impact excitation than in photoabsorption.
3

T e instru-ent is a VG LEELS 400 electron spectro- Inspection of the a state region at high resolution re-

-eter odified for the study of gases. The electrosta- veals an underlying state classified as the 0" state.

tic deflectors for the energy selection and analysis are Above 9.5 eV, many members of the progressions arising

50
° 
he-ispherical condensers. The target gas is intro- from E, F, and G states are identified and can be compa-

diced thrugh a needle, around which the analyzer sys- red to photoabsorption data.
3

te 7 can be rotated from -350 to -120 0 w ith respect to T tar p ch d

the direction of the incoming beam. All this set-up is The study of the angular dependences of the diffe-
enclosed in a mumetal vessel, pumped by turbomnolecular rential cross sections of these states reveals that some

and cryogenic pumps. assignements proposed before may have to be revised.

Further details will be presented at the Conference.

NH 3  ,-

E=5OeV, e=4

A :

J 0 0I
E

_777
£17i

LP

6 7 8 9 10 it

ENERGY LOSS (eV)

Fig.l Electron energy loss spectrum of NH3

Figure I shows the enery loss spectrum in the re- *Permanent address: CRAM and Departement de Physique,
gion studied, for 50 eV incident electron energy and 400 Universit6 Laval, Quebec, QC GIK 7P4, Canada

scattering angle. Inspection of this and other spectra Chercheur qualifi" of FNRS of Belgium. -
1. E.N. Lassettre, A. Skerbele, M.A. Dillon, and K.J. .-- .

iobtained at various angles allowed us to determine eight Ross, J. Chem. Phys. 48, 5066 (1968). '
electronic transitions accompanied by a large number of 2. W.R. Harshbarger, J. Chem. Phys. 54, 2504 (1971).

3. K. Watanabe and S.P. Sood, Sci. Light (Tokyo) 14,vibrational levels. The overall shapes of the extended 36 (1965).
vibrational progressions are similar to what is found

_-- ,..
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SMALL-ANGLE, INTERMEDIATE ENERGY (1.0 kelj

ELECTRON ENERGY LOSS SPECTRA OF ETHYLENE

Ana C. A. e Souza. G. Gerson B. de Souza

IInstituto de Qufmica da Universidade Federal do Rio de Janeiro

Cidade Universit5ria - 21.910 -Rio de Janeiro -RJ Brasil -

Electron energy-loss spectra, covering

the elastic and inelastic region up to 'S eV
energy-loss, have been obtained for the ethy

lene molecule at 1.0 keV impact energy.

The measurements were carried out using

the electron impact spectrometer described by

Souza et all. The scattered electron intensi-

ties vere measured as a function of energy

('E in the angular range 2 to 8 degrees. The

energy resolution, as determined by the full

width at half maximum (fwhm) of the elastic

pe ak, was. approximately 1.S eV. In figure 1 e

we present typical spectra, obtained at 3, 4

and 5 degrees. The results have been normali . .-

zed to the elastic data of Fink et a 2 and%

converted to double differential cross sec-

tions.

Financial support from the Conseiho Na- 60 e 3.*

conal de Iesenvolvimento Cientifico e Tecno- ."C :

* l6gico (CNPq) Fundagqio Universitgria Jos6

Bonif~cio (FUJB) and Financiadora de Estudos

* e Projetos (FINEP) is gratefully acknowledged.
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ELECTRON MOMENTUM SPECTROSCOPY OF CIILOROMETHANES

A.M. Grisogono, W. von Niessen and E. Weigold

The Flinders University of South Australia, South Australia 5042, Australia
*Technische Universitat Braunschweig, D-3300 Braunschweig, West Germany

The molecular orbital structure of the chloro- whole higher energy range where no molecular orbitals

methanes (CInC4_n = 0,..4) has been studied by can be individually identified. In the case of the

electron momentum spectroscopy via the noncoplanar It, state of CCZ4 at 2SeV not only is the observed

symmetric (e,2e) reaction. This technique generates strength an order of magnitude below theory, but the

electron binding energy spectra at various values of shape of the distribution also suggests that the

azimuthal angle (corresponding to different bound symmetry assignment of the state is not correct.

electron momenta), and hence the electron momentum Even where two or more states close in energy are . '.* f

distributions of valence molecular orbitals may be not experimentally resolved the technique allows some

determined, verification of symmetry assignments, by comparison of

The experiments were performed at 1000 and 1200eV the summed theoretical distributions with the shape of

incident electron energy over a range of 8 to 45eV in the data, since the shape of the summed distribution is

binding energy with an energy resolution of 1.2eV. sensitive to the symmetry types of its components.

Azimuthal angles of 0' to 27' provided an electron This is particularly useful in the outer valence region

momentum range up to 2 a.u. with a resolution of where accidental and near degeneracies are not

0.1 a.u. infrequent. For example the 2e and 3a states of

The data are analysed by fitting the experimental CHC13 , being of different symmetries, add to a complex

resolution function to the observed peaks (matched to distribution, which is supported by the data.

high resolution photoelectron spectra where available In general the manybody calculations underestimate

in the outer valence region). Fhe resulting pole the degree of splitting of the higher energy states, but

strengths for the various transitions are compared to provide good models of the outer valence states.

theoretical pole strengths calculated by a combination Both momentum and position density maps have been

of the outer valence oreen's function methods ()til) produced from the theoretical molecular orbital

nd an extended two particle-hole Tamm-lancoff Green's calculations for all the orbitals of the chloromethanes

function approximation (2ph-TDA) for the inner valence in the energy range, and will be available for display.

region. The measured electron momentum distributions

are compared with those given by the SCF MO wave-

functions used in the Green's function calculation.

Since the present data provide relative rather than

absolute cross-section measurements the data are

normalized to the theory at one of the outer valence

states, for which the pole strength is close to unity

and the theoretically predicted momentum distribution

provides a good fit to the shape of the data.

Comparisons of theory and experiment for the other

states then allow the predicted symmetry assignments

and pole strengths to be checked against the data.

The 2ph-TDA model predicts a breakdown of the

molecular orbital picture at binding energies - 20eV,

and this is experimentally verified by a complicated

satellite structure which in effect "smears out" the

strengths over a range of energies. The calculated

strengths are generally too high in this energy range,

e.g. the le transition of CiCI 3 at 25eV and the 2aI .

transition of CC 4 at 20eV both fall experimentally

well below the theoretical cross-sections, but there

is an appreciable cross-section observed over the

V,' 
.

.
.'- . .' . .' -" . . - " '. " .' o .- '. " . .. -.. , .. ". ' " -. - " . ', -: -. .- .. ". ". .. ". " . " . . . °. "-.. ." .... ... ".-. .. ..-... . .. .. ".. ." -•." . '
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PARTIAL AND TOTAL ELECTRON IMPACT IONIZATION CROSS SECTIONS FROM THRESHOLD UP TO 180 eV

K. Leiter and T.D. Mark

Institut fur Experimentalphysik, Leopold Franzens Universitat, A 6020 Innsbruck, Austria

Recently, there has been a growing inter- It is interesting to note, that in contrast to
est in quantitative knowledge on electron im- CF4 and CC14 stable parent ions exist in

pact ionization cross sections
1 

of halocarbon CF2 Cl2 with a cross section maximum of 1.1 x
2

compounds used for plasma etching. Therefore 10
-
22 m

2 
at 100 eV.

we have recently measured partial and total

ionization cross sections of CF4 and CC14
3
,
4  The absolute total ionization cross section

function is obtained by summing up the weighted
The present study is an extension to CF 2C12 , pa a c

however, using an improved deflection mass 
1

spectrometer method . This new method allows methodl). Fig. 1 shows a comparison between
the quantitative detection of fragment ions present experimental results, previous experi-

the uanitatve etetionof ragmnt ons6,7
with excess kinetic energy, thereby eliminating mental results and values calculated using

possible discrimination effects for the detec- the classical binary encounter approximation

tion of these ions. (full line in Fig. 1). It can be seen, that

there is good agreement in magnitude betweenUsing this method, we have obtained abso- " '""'
present results and values determined by Beran

lute partial ionization cross section functions and Kevan
6 ,

however, that the results of Pejcev
in CF 2Cl 2 from threshold up to 180 eV for the et al. 7 and the theoretical values are much

production of the following ions: higher in the vicinity of the maximum cross sec-

CF 2C22+' CFC12% CF2
C I + ' 

CCl2
+ ' 

C122' CFC1+' tion. However, it is interesting to note, that

FCI
+ , 

CF2
+
, CCl

+
, CI1, CF

+
, F

+
, C

+ 
and the theoretical values approach at high energies

2+ 2+ 2+ 2+ 2+ .2+ the present results and that the shape of the
CFC 2  CFC1 2 curve as measured by Pejcev et al. is in very

good agreement with the present determination.

Work supported by Osterreichischer Forschungs-

CF2Ck2 - e fonds.
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ELECTRON IMPACT SPECTROSCOPY OF SILANE AND GERMANE
% . . '.%

David Spence, R.-G. Wang,* and M. A. Dillon "- 5

Argonne National Laboratory, Argonne, Illinois 60439 U.S.A.

Electronic spectra of the group IVa hydrides, and mixed valence-Rydberg (o*) states.

silane (SiH 4 ), and germane (GeH4 ) have been investigated The - 4 eV energy interval preceding the second IF,

by means of electron energy loss spectroscopy in an designated region 2, is the range of optically allowed

energy range that includes all single-electron autoionizing Rydberg series p, d, + a1 converging to the

excitation from the valence shell. Electron impact 2A, ground state ion in both molecules. At larger scat-

spectra of both gases recorded using electrons of 200-eV tering angles, members of the forbidden autoionizing

incidence are displayed in Figure 1. The conditions U ,

employed have been chosen to favor the excitation of S".-ANE
states by direct scattering and to exclude those p 9* "

transitions requiring an exchange mechanism. Hence, all 09

features in Figure I are related to vertical transitions d"e)

which terminate in symmetry allowed and forbidden ",.

singlet states. - ..
The ground-state configuration and ordering of both 

-
- -- .

molecules is (Ial)2 (ma)2 (nt 2 )6 A in Td symmetry. 1234 7 8 9 10

The lowest manifold of excited states arise from orbital

transitions of the type a, p, d - t2 . The promotion of 15 , 17 18 19

a bonding t2 valence electron to non-bonding Rydberg

orbitals expands the molecular framework of these
FIGURE 2. Energy loss spectra from 15 eV to 19 eV of

molecules, rendering their electronic spectra dissocia- silane. Similar structures appear in the ms energy

tive below the first ionization limit. Thus, the region of genmane, shown in Fig. 1.

spectra below the first IP in Figure 1, which we series a, d, + a1 are expected to substantially overlap

designate region I, consist almost entirely of diffuse those of the allowed series. The 9' spectra in Figure 1

structures. Provisional identification of salient reveal the presence of much discrete structure converg-

features in this energy range are indicated by labels in Ing to the respective 2A1 ion states. The region of the

the figure. The lowest lying Rydberg configurations are silane spectrum containing the structure has been

consistent with those suggested in an analysis of the recorded independently and is displayed in Figure 2.

electronic spectrum of methane.' In addition, evidence The spectrum appears to consist of at least two progres-

is presented for the existence of valence (v) sions and an underlying continuum. The peaks, numeri-

. . . . . . . . . . . .. . .... .. ... ca lly la be lled to fac ilita te ide ntifica tion a re broa d-

-" - e ' ened considerably by both autoionization and instrumen-
.' X 6 - 2 tal resolution C- 40 meV). Term value locations of

- - ' N.. selected peaks measured relative to 
2
A=(v' 0) at

17.95 eV are included in the figure, together with the

- - - - appropriate terminating orbitals. Peak Positions cor-

respond fairly well we those reported using threshold

JB photoelectron spectroscopy.
2 

However, the angular

- behavior depicted in Figure 1 suggests the substantial

- - ~ contribution of optically forbidden transitions.

This work is supported by the U.S. Department of
0, Id Energy.
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INNER-SHELL SPECTRA OF BENZENE, PYRIDINE AND CYCLOHEXANE
STUDIED BY keV ELECTRON IMPACT

A. P. Hitchcock*, D. C. Newbury*, A. L. Johnson% J. A. Horsley
t 

and J. Stbhr
+

* Department of Chemistry, McMaster University, Hamilton, Canada LBS 4MI
o Materials and Molecular Research Division, Lawrence-Berkeley Laboratory,

University of California-Berkeley, California 94720

Corporate Research Science Laboratory, Exxon, Annandale, NJ 08801

A differentially pumped, inelastic electron scatter- The j resonance intensity in the continuum of both

ing spectrometer has been constructed at McMaster Uni- pyridine and benzene is split into two features, 3 and " ., -

versity for systematic studies of the inner-shell spectra 10eV above the K-shell IP. The continuum shape obtained

of gaseous molecules. The spectrometer is operated under from the SCF-Xa calculation of benzene shows two features

single scattering conditions with 3 keV incident electron arising from promotions of carbon Is electrons to u* .. .

energy and 1-2' scattering angles such that primarily orbitals of elu and a2 g symmetry. The position, relative

• electric dipole transitions are excited. Recently we intensity and polarization dependence of these features

S have recorded the spectra of a number of cyclic saturated are in good agreement with the experimental results.

and unsaturated organic molecules including cyclohexane

- (Fig. 1) and pyridine (Fig. 2), The interpretation of Research supported by NSERC (Canada) and Exxon Research 1. •

"'. these spectra is aided by comparison to the photoelectron and Engineering Company.

yield spectra of the same molecules in oriented mono-

Ref erences
layers or condensed films recorded with soft x-ray

synchrotron radiation (SSRL) and by the results of 1. A.P. Hitchcock, S. Beaulieu, T. Steel, J. Stbhr

and F. Sette, J. Chem. Phys. 80, 3927 (1984).
SCF-X calculations. The condensed phase spectra 2. J. St6hr and R. Jaeger, Phys. Rev. B 26, 4111 (1982).

distinguish valence and Rydberg transitions while the 3. A.P. Hitchcock and C.E. Brion, J. Electron Spectrosc.

polarization dependence of the spectrum of the oriented Relat. Phenom. 10, 317 (1977).

molecule allows unambiguous assignment of - or2

character 2"

A comparison of the pyTidine and benzene free

molecule an. condensed phase spectra has allowed a

definitive reassignment of the previously reported gas

rhase benzene carbon K-shell spectrum
3
. The featnre at

288.0ev (#3) in benzene is clearly the b, ,.* valence . -

state, not a 3p Rvdberg state as previously assigned
3 .
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Fig. 1: Eect o ... .. rgy hloss spectra of (a) benzene 
3  

Fig. 2: El ctron energy loss spectra of pyridine - ." "_
and (b) cyclohexane in the region of carbon recorded with 3 key impact energy in the " '""'
K-shell excitation. region of (a) carbon K-shell and (b) nitrogen

K -s h e l l e x c i t a t i o n .. - . 't -
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MOLECULAR GEOMETRY FROM K-SHELL RESONANCES IN
INELASTIC ELECTRON SCATTERING SPECTRA

A. P. Hitchcock* and J. Stdhr,

Department of Chemistry, McMaster University, Hamilton, Canada L8S 4MI
t Corporate Research Science Laboratories, Exxon, Annandale, NJ 08801

In recent years inelastic scattering of keV electrons pair of atoms involved (for example ZT = 14 for B-F, C-O

has been used to record electron energy loss spectra in and N-N bonds). rhis empirical relationship has been

the region of K-shell excitation of molecules containing used to estimate intramolecular bond lengths to within o._

C, N, 0 and F
I
. These spectra exhibit resonance features -0.05 A for both free and chemisorbed molecules.

around the K-shell ionization threshold. The resonances

of a particular molecule are also observed essentially The evidence for the R-dependence of resonance

unchanged in the solid state either in a low temperature positions will be presented along with a comparison to

condensed film or when the molecule is ch-misorbed on a recent theoretical treatments of near-edge core excitation

surface under conditions where the geom-.try does not resonances. In addition, recent studies of the inner-

change appreciably. The polarization dependence of the shell spectra of a variety of sulfur containing molecules

synchrotron K-shell electron yield spectra of chemisorbed will be reported. These investigations seek to determine L W
molecules

2 
clearly indicates the resonance symmetry. The if the '(N) approach can be applied to features in the

invariance of near-edge resonances with physical state core spectra of third row atoms and thus enable determin- '

(free, surface-chemisorbed or solid) shows these ations of bond lengths to silicon, phosphorus, sulfur

resonance states are highly localized and only dependent and chlorine.

on the intramolecular potential and geometry. Research supported by NSERC (Canada) and Exxon Research
and Engineering Company.

Recently, we have shown that for one class of References
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ionization threshold ( ) varies systematically with J. Electron Spectroac. 25, 245 (1982).

intramolecular distance (R)
3
'
4
. The resonance position 2. J. St~hr and R. Jaeger, Phys. Rev. B26. 4111 (1982).

changes by up to 25 eV for a given combination of core 3, F. Sette, J. Stdhr and A.P. Hitchcock, Chem. Phys.
Lett. 110, 517 (1984) J. Chem. Phys. 81, 4906 (1984).
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remarkably good linear relationship (Fig. 1) is observed Chem. Phys. Lett. 105, 332 (1984).

between 6 and R within classes of resonances character-

ized by the same ZT' the sum of atomic numbers of the

-a) 6 Figure 1: K-shell shape resonance

C2HT Z1 5 position ( = Er-lP) versus bond
Z, 4 length. For molecules such as CO the

oC2H resonance position in both core spectra

(Cls, &Ols). The lines are linear
Vil C2N2 c6H6 least squares fits to points in the
o2C. same class of ZT , the sum of atomic

" o H0 . 0numbe.rs .f the bonded atoms.
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THE STUDY OF ELECTRIC DIPOLE FORBIDDEN INNER SHELL

TRAN~SITIONS BY ELECTRON IMPACT EXCITATION , .

J'.
I Harrison and G C King " %

Physics Department, Manchester University, Manchester M13 9PL, UK

In the study of inner shell transitions in atoms References

and molecules the electron energy loss technique has I. G C King, M Tronc, F H Read and R C Bradford,

some important advantages over phot-n absorption studies J Phys B:Atom Molec Phys 10, 2479 (1977)
using synchrotron radiation. Thu tor states with high 2. N Tronc, G C King and F H Read, J Phys B:Atom Molec

usin sychroronPhys, 12, 137 (1979)

values of excitation energy (>2OOeV) electron impact 3. D.hw, 2 C 3 ,
1.2 3. D A Shaw, G C King, F H Read and C Cvejanovic,

can provide superior energy resolution '
2  

A second and J Phys B:Atom Molec Phys, 15, 1785 (1982)

perhaps more important advantage of electron impact 4. A V Kondratenko, L N Mazalov, F Kh Gel'Mukhanov
-dipole V I Avdeev and E A Saprykhina, J Struct Chem, 18

excitation is its ability to induce electric- 437 (1977) (1977 Zh Strukt Khim 18, 546)

forbidden transitions. This can occur when the value

of incident energy is reduced to a value close to that A__

of the state, and the optical selection rules are

relaxed. Recently the electron energy loss technique

has been used to observe for the first time an inner

shell electric dipole forbidden transition
3.

A new electron spectrometer using an unselected

electron beam has been constructed specifically for the

* study of these electric dipole forbidden transitions.

The principal advantages of the new spectrometer are

the large incident electron currents available at the

target (typically several hundred nano amps) and the

ability to go to low values of incident energy

(typically 100eV above the threshold energy of the

state of ir.terest). For example, in the case of CO .*.

the dipole forbidden transition from ls to 2pr 31, state

has been studied closer to threshold than ever before

and with improved sensitivity.

The spectrometer has been used to study electric

dipole transitions in a range of molecules. In most

cases new states have been observed. The data yields

directly the values of singlet-triplet splittings and

hence an understanding of the exchange interactions

which involve the inner shell hole. The data also
4

allows recent theoretical predictions to be tested.

New experimental results in a range of molecules,

including CO, COS, CO2, CS2 and N20 will be presented

and discussed. For example a value of (.98 .02)eV has

been obtained for the l3 ,3r(lSNc)
-
1 singlet-triplet

splitting in N20. - .
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CROSS SECTIONS FOR H_ AND CZ- PRODUCTION FROM '. .
HC2 BY DISSOCIATIVE E.ECTRON ATTACHMENT

0. J. Orient and S. K. Srivastava

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

Dissociative electron attachment cross section

measurements for the production of CZ- and r ions from H 3 4 5 6 7

HC have been performed utilizing a crossed target beam-

electron beam collision geometry and a quadrupole mass 25 -

spectrometer. The relative flow technique is employed

to determine the absolute values of cross sections. The 20 x2

. experimental apparatus and techniques used in the E

present measurements have been described earlier.
1  

Our 2 L50

dissociative electron attachment cross section data for

C-/HC as a function of the electron beam energy are 0

shown in Fig. 1 and our dissociative electron attachment --

cross section data for H'/HCZ as a function of the .. "

electron beam energy are shown in Fig. 2. In Table I we 5 
'

have summarized our results, together with data found in °"
the literature. 0 _

'

.2 1 2 2.5

Table I E (eV'

Peak Cross References
Ion Peak feV) Section oY- and g.thods ig 1. The arrows indicate the positin of the

vibrational levels of the HC -' ground state.
H-/HC; 6.9 (5.?t-.4)x10

" 1 9  
Azria et al. 2  0 Tillet-Billy and Gauyacq.

"1  6 Allen and
(Stati .

2  
Wong

lO 
normalized to our peak cross section.

9.2 (2.8tO.2)xl109 zria et al._
S(Static .a)

7.1±0.1 (2. 1 0.42)x 10
"
1 Present Work 2 H IHC

(Cross beam)2
9.05±0.1 (0.9310.19)x10

- 15 Present Work I - -
(Cosbeam)

C,-/HC -1.5 - GutbieS and
Neuert 1,5 -%""-

iStae gs) •. ,

0.660.02 - Fox -. .
( Static aa)_ E

0.77±0.1 - Frost an,

McDowellg ' 1

0.4620.02 3.9x10
1  

Buchelnikova b
(Static eal -"'*".--I

0.81 1 9.8x10
-  

ristporou 0 .5""
et al. 0.5'

(Swarm)
0.8410.005 - Ziegel at al.

0

0.84 (8.9±0.7)Xz110 Azria et al. 
-

____ "'___."_--______,-_.-,-_.

(Static aa} 4 5 6 7 8 9 10 iI 12 -

-0.8 -25.Ol010 
S

e et al.'
____a_,______Fig. 2. E (eVi

0.8210.04 Allen and Wong' 0

(Static gas)
0.85-*0.02 (2.6-±5.3)xIO 

18  Present Work 5. r. C. Frost and C. A. McDowell, J. Chem. Phys. al,

(Cross beam) 503 (1958).
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IONIZATION AND DISSOCIATIVE IONIZATION OF CO, CO2AND CH4 BY ELECTRON IMPACT

0. J3. Orient and S. K. Srivastava

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

Cross sections for Ionization and dissociative J.
ionization of CO, CO2 , and CH4 by electron Impact are of M

* considerable interest for the various plasma systems and PRESENTI.

* are also important from the theoretical point of view.

We have measured these Cross sections by utilizing a Z_ z

crossed electron beam-molecular beam technique. A

quadrupole mass spectrometer was employed for detecting Fig. 3 V
the various fragments. A detailed description on the

experimental setup, procedures and normalization method7

can be found in a publication by Orient and Srivastava.'

Cross section data on these molecules are presented M.)
in Figures 1 through 4. We estimate that the accuracy

* of these cross sections is about 15%. Comparisons have

been made with the previously published results. In

general, within the error limits our data agree well

* with those published by Rapp and his co-workers.
2  !0 ?X )0 40

0 0 VAUGHAN CO*
V0AUGHAN C'

ORAP TOTAI. 4-0
APPom-IE3>.25e30 4H

I O ILLE CO*
PRESENT 00% 0 AP(T1A

CP 0 APSENT AU
2 000 0 -emoo

- 00
_00

A 0

0303 0

2X 3W AM Sa am M
3.3 EN1'. IV40 E040 LECTRON IMPACT ElNGY. E.

CO,

ORAPP 30340,
*RAPP O3I .H4>0 254W

0 Work was performed at JPL-Caltech and was sponsored
0
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EECTRON IMPACT IONIZATION AND DISSOCIATIVE IONIZATION .-. ....

OF AMMONIA

0. J. Orient and S. K. Srivastava %

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109 1A

We have utilized a crossed electron beam-molecular 9. L. E. Melton, J. Chem. Phys. U5, 4414 (1966).
beam collis1on geometry and a F.drupole mass 0 Lampe, J. C. Franklin and F. H. Field, J. Am

Chem. Soc. 72, 6129 (1957). '- "

spectrometer to study the ionization and dissociative 11. C. E. Brion and A. Hamnet, Jour. Elec. Spectr. and .% ..

ionization processes in ammonia. The Incident electron Rad. Trans. U , 323 (1977). ' i
% -\

12. J2. C. Comet, C. R. Acad. ZU1, 627 (1975). _____

energies were chosen from threshold of the ionization to A
500 eV. Experimental apparatus and normalization T. .

procedures are described in a previous publication by

Orient and Srivastava.C

It was observed that upon electron impact NH3  0

ionizes into NH3+ and dissociatively ionizes into NH2 4.0- Mb
inzsit H+2'1 0

Nh, and N fragments. The cross sections for all these on
0

processes were measured. Total cross sections, which :2

are the sum of all individual cross sections connected a

with the above mentioned processes, are presented in

Fig. 1 along with previously published data. It is 3.0.

clear from this figure that there is a large "

disagreement between the present measurements and some

of the previous ones. The present results are uncertain

by about 15$. 0 e "

Cross sections for ionization into NH3 , NH2 , NH, 2.0 - A # 0

and e' are presented in Fig. 2. Due to the limited A a o

space here a comparison with all the previously measured 0

data can not be given. In general there are large -
differences between the various measurements and again - '".

100 200 300 400 500

this is due to different methods of normalization. ELECTRON IMPACT ENERGY, E° I•eV

However, we have one major difference from the

previously published data. It is connected with the Fig. 1. Total ionization cross sections for NH. "
present measurementl y Djuric-Preger et 

"

ratio of NH2+/NH3 . Past results4' 5 
show that this al. 3

; .. Mark et al. ; x Crowe and

ratio is less than 1. However, our measurements McConkey
5

; A Jain an Khare
6
; o Bederski et

al.
7
; •DeMaria et 81.; * Meltong; and Lampe

indicate that the ratio is greater than 1 which is et ml10 ; *Gomet
1
' M" an Lampe

consistent with the findings of Brion et al.
1 1 

by the

methods of photoelectron spectroscopy.

Work was performed at JPL-Caltech and was sponsored

by AFOSR and NASA. c 2.0- o : p;.
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ABSOLUTE MEASUREMENT OF THE PHOTOEMISSION CROSS SECTION
FOR LYMAN-a RADIATION PRODUCED IN e + H2 COLLISIONS

R. C. G. Ligtenberg, Armon McPherson, N. Rouze
W. B. Westerveld, and J. S. Risley

Department of Physics
North Carolina State University

Raleigh, North Carolina 27695-8202 USA

We have developed a technique and apparatus for the ultimate overall accuracy of 5 for cross sections

measurement of absolute electron impact photoemission obtained with this system.

cross sections in the vacuum ultraviolet (vuv) wave- A preliminary measurement of the photoemission

length region. Well-parametrized synchrotron radiation cress section for Lvman-s radiation produced in 100

is used to simulate the radiative emission of decaying and 300 eU e- + if) c lision, has been performed. A

atoms excited along an electron beam. A multi- MgF 2 window ws placed in -ront of the photomultiplier

adjustable manipulator is used to precisely position a to block contributionS from multiple order dispersion

spectrometer-detector system in front of the radiometric of synchrotron rodiation. An emission spectrum produced

calibration port of SURF II (National Bureau of by collisions of 100 eV elctrons with Hi is shown in

Standards, Gaithersburg, Maryland). The spectrometer- Fig. 2. The use of a spectrometer allows an accurate

detector system used consists of a Minuteman 302VM determination of the LYman- ignal arising from

Seva-Namioka type spectrometer with a Jobin-Yvon dissociative exci tation of t separate frtm the

holographic grating and an EMI 9642/'B venetian blind molecular emisaion in this yaveivngth region. Our

photomultiplier. The manipulator has two axes of preliminarvmeasurements indicaite that the accepted

rotation, one of which coincides with the spectrometer value for the lvman-a emission cross section: is too

entrance slit, the other with the exciting electron high. This onclusion is substantiated by a recent

beam. These two rotations allow synchrotron radiation absolute mea.surement bv Van Zyl or ae .

to be scanned across the grating surface in such a way This work was supported in part by the Aeronomv

that the angles of emission encountered in the electron Program of the Nat ional Sc iene Foundat ion, Grant

atom source are accurately duplicated. In this way No. AT.-81-2'72.

point-to-point variations in the detection efficiency, Referen-.es

see Fig. 1, and geometrical factors, such as collection 1. See, for example, M. .1. Mumma and K. C. Zipf,

% T. C7hem. Phvs. 55, lhhl (1971).
solid angle and length of electron beam viewed, are .B. Vanem. P 5 1a1 and71. Neumnnsubmtte• 2. B•B Van Zvi , .M. W• Gealv, and H. Neumann, submitted --.. ,-"

determined in an integral fashion. We anticipate an to Phys, Rev. A.

1.44 "

FIG. 1. Map of the relative detection effic iencv as a Pl.2. 1 n I ri- .r I, .-.. i .--

function of position on the grating surface r .

for a spectrometer setting of 121.b nm. The , -r nt , r r'.-n, 'n

synchrotron radiation was polarized
perpendicular to the grating grooves.

predulrtth tn% ......

- ..° . .

L ." ."....... o -.-.. . ... . ". ,-,. . -. -"..... ". -, " " - . . -.. . . .
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ANGULAR INTENSITY DISTRIBUTION OF BALMER-a AND LYMAN-i EMISSION EXCITED BY ELECTRON IMPACT ON H12
, .. -o .. • ."

S.Arai, M.Morita, K.Hironaka, N.Kouchi*, N.Oda+and Y.Hatano

Department of Chemistry, Tokyo Institute of Technology, Meguro-ku, Tokyo 152, Japan
*Research Center for Nuclear Science and Technology, University of Tokyo, Tokai-mura, Ibaraki 319-I, Japan
+Research Laboratory of Nuclear Reactors, Tokyo Institute of Technology, Meguro-ku, Tokyo 152, Japan

Observation of optical emission from excited frag- I. and 4. %

ment atoms produced by dissociative excitation of mole- -__ _ _._,__ _

cules is of great importance in understanding highly ex- -N . P "

cied molecular states and their dissociation processes.
Translational spectroscopy of dissociation fragments has

been successfully carried out by observing the Doppler

profile of optical emissions from fragment atoms. It has

been shown theoretically that the Doppler profiles depend

not only on the kinetic energy and the spatial distribu-

tion of fragment atoms? but also on the population into

their magnetic sublevels, i.e., the polarization of atom-

ic radiation The Doppler profile should be, therefore,

affected by the observing direction, and it has been ELECTRON ENERGY (eV)

known that optical emission from excited atoms by elect- Fig.I Polarization degree Z of Balmer-a emission.
ron impact on molecules 4 o:this work, *:Karolis and Harting(ref.6),

x:Glass-Maujean(ref.7). 9 and x are obtained from
confirmed experimentally for Balmer-a emission by elect- I. and I, measurement.

ron impact on H2. This paper presents the anisotropy of .
Balmer-a and Lyman-a emission excited by electron impact

on H2."

The anisotropy of optical emission has been mainly W

described as the polarization degree, R, which is defined
as, n-(t-[,)/(Ir+I.r) Z(), -

where I. and I. are emission intensities whose electric .

vectors orient parallel and perpendicular, respectively,

to the incident electron beam. The value of H is also -

obtained from eq.(2) by measuring the angular distribu- .

tion of optical emission intensity 1(0),
5

(I (2),

where j is the detecting angle with regard to the elect- ELECTRON ENERGY (eV)

ron beam. Since the correction of the polarization sensi- Fig.2 Polarization degree 7 of Lyman-a emission.
o:this work, *:Malcolm et al(ref.8), x:Ott et al

tivities of devices which have been used to detect the (ref.9). 0 and x are obtained from I, and I.

optical emission is the serious problem especially in the measurement.

measurement of I, and I, the latter method based on

eq.(2) has an advantage for obtaining the value of . Reference

I. Y.Hatano, Coments on At.Mol.Phys., jI, 259 (1983)
Balmer-a emission was detected through an interfer- and references cited therein.

ence filter with a photomultiplier, while Lyman-na emia- 2. K.Ito, N.Oda, Y.Hatano and T.Tsuboi, Chem.Phys., 37,
35 (1976).sion was detected through a MgF2 -02 filter with a conti- 3. N.Kouchi, K.Ito, N.Oda and Y.Hatano, Chem.Phys., 7,

nuous dynord electron multiplier (Ceratron). Using a 105 (1982).

static gas target, the correction of the apparatus func- 4. R.J.van Brunt and R.N.Zare, J.Chem.Phys., AA, 4304 r ,(1968).
tion was made accurately than that of a crossed beam 5. N.Takahashi, S.Arai, N.Kouchi, N.Oda and Y.Hatano,

J.Phys., Bij, L547 (1983).
method. Anisotropy of optical emission has been obtained 6. C.Karolis and E.Harting, J.Phys., BU1, 357 (1978).

from the angular distribution measurement and expressed 7. M.Glass-Maujean, J.Phys., BjI, 431 (1978).
8. I.C.Malcolm, H.W.Dassen and J.W.McConkey, J.Phys., ' "

by 7 using eq.(2). Energy dependence of E for Balmer-e Bil, 1003 (1979).

and Lyman-a emission is shown in Fig.] and Fig.2, respec- 9. W.R.Ott, W.E.Kauppila and W.L.Fite, Phys.Rev., Ai,
1089 (1970).

tively. Large discrepancies with the results obtained by 1089 (1970).

different groups from I# and I, measurements may refrect ..

the difficulty in determing the detecting efficiency of

%

.. .5-. "'"-' -..-. .
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ANGULAR DISTRIBUTION OF FRAGMENTS FRO i iilSSUOI A( , 
[ Il.LL fiw.' I\ I I i _ ,.l'

Andrew U. liazi

Physics Department, Lawrence Livermore National Laboratory
University of California, Livermore, California 94550 USA

Tne formalism I describing the angular distribution of For heteronuclear diatomic molecules, the present

products that result fron the dissociative attachment of expression for the angular distribution of fragments reduces

electrons to diatomic molecules has been extended to to the previously derived results
I 

providc the rotational

include the cases where the fragments possess internal period is small compared to the time required for

,ingular momenta. The present theoy, just as the earlier dissociation. However, I also find that in cases where iore

work, is hased on the customary projection operator than one partial wave contributes to the attached.

treatment- of the electronic resonance states of molecular electron's wavefunction, not only the total width of the

anions. In addition, the theory makes extensive use of resonance, but also the decay apitde for each partial

frame transformations
3 

applied within the adiabatic nuclei wave is required for calculating the angular distribution of

.ipproximation. 4  The expressions for the total scattering fragments. This result holds even when one uses the 'local'

wavefunction, the equation governing the nuclear motion or "boomerang" approximation for treatinig the nuclear

and the scattering amplitude for dissociative attachment motion.

nave been derived using several different body-fixed

representations of the total scattering wavefunction. The extension of the present theory required for

Formal difficulties associated with each of these describing dissociative electron attachment to hononuclear

representations have been examined and found not to be diatomic molecules will be discussed.

significant in those cases where the effects of rotational .

motion can be neglected. * iils work was performed under the auspices ol tue
U. S. Department of Energy by Lawrence Livermore National
Laboratory under contract No. h.-745-Lng-48.

The theory takes on its simplest form wiien the

projection operator formalism is applied to that body-fixed Reference

scattering wavefunction which is a simultaneous eigenstate

of 4, T and R ( where i and are the Hamiltonian 1. T. F. O'Malley and It. S. Taylor, Piiys. Rev. 176, 207 11968).
zz

and the z-component of the total angular momentum 2. T. F. O'Salley, Phys. Rev. 150, 14 (1966).

operator, respectively. Both "i and J refer to the 3. E. S. Chang and U. Fano, Ptiys. Rev. Ai, 173 (1972).

body-fixed frame in which the z-axis is taken along the
S 4. \I. Shugardand A. U. Ilitzi, Phys. Rayv. '\12, 190Jl197a).

internuclear axis. The eigenvalues of the "operator" S -e - "'"l"" "7"

specify the orientation of the internuclear axis relative to 5. M. Shugard, Ph.D. Thesis, Lniv. of ralifornia at Los

the z-axis of the space-fixed frame. Angeles, 1i77.

6. r,. Birtwistle and A. fierzenberg, Phys. Rev. A4, 53 (1971).

J

.. ...... ...... ....%
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ANGULAR DIFFERENCE DOPPLER PROFILES:
DYNAMIICS OF FORMATION OF H* IN ELECTRON-H2 COLLISIONS

Tejichiro Ogawa. Keiji Nakajina. and Hirofumi Kawazutni

Department of Molecular Science and Technology, Kyushu University, Kasuga-shl, Fukuoka 816, Japan

A high resolution measurement of the Doppler profile Balmer lines was measured with a Fabry-Perot interfero-

of the Balmer lines produced in electron-molecule colli- meter with an optical resolution of about 0.065 4 . .

sins and its differenciar ion has disclosed the transla- There are four major dissociation processes for the X~

tional energv distribution of 11*, 0* and N* his method h.'droeen molecule as are shown in the potential energy ,..*

is very useful if the dissociation is approximately iso- diagram (Fig.2). They are divided into a fast and a

t r p ic. However, recent studies have disclosed an angular slow, group (a peak and a wing in the Doppler profile).W A
dependence of the Balmer lines. Thus, mote accurate

analvsis with aI due consideration for anisotropv has t, Fig. 2.

be made for a further study of duoiition cnarni . Potential

The angular distribution has in general a dipol.)r I energy diagram

form and depends on an asvmmetrv parameter b. The proba- ---------

bilitv for an atom to emit toward .30 angle , with respect H H ,

to the dissociation axis Ivncris in it s magn--r i.7 -=Wvel ; ; 'E,2p0

Sis a parameter for polarizat Ion in the sitblevel: 1 20- H 2D- mao

j (3 - J) . (J (I -- ---- -- HH'l~4l dissociation
P

The Dopp icr profile observ. d at angle - with resoev,t t 0L H* I(2c,) processes.

the electron bean is ontiiiahlIe with, these two narameters: FC
EF(*v 3,, 15h is,+I) - -* ~ -

l~h-.xP(ss).0 1 2 3 4 5 6
Infernuclear distance (4)

There -re ut morc than one dis-ociation pro-

r 'ssesti- i the ex ited atom. Each of Typical ?toppier profiles of the flalmer-6 line taken

tthem na* r., I ! !Irent anisotropv parameters. at 900 and 45" and their angular difference Doppler pro-

h., two P'-; paramerers car: be file- are showr. !n Fig. 3. A comp'arison of the observed

irr .~r -vifrerenee of the two Doppler profile with the simulated one indicates that b 0O and

!, tsured r different angles and '. If *
1
p*f for the major component of the fast group. Since

Ti this component was assigned to the direct dissociation

F (.)l v through (2p u)(4;) Rvdberg states (4; denotes correlation

- .1 cos'v) b P2 (cosX) (3) with H*(n=4) in the dissociation limit), the symmetry of

rr x - iT uniform velocity v. The this Rvdberg states has to be 7.and the excited hydrogen

I r- ro f I Ie, .F(.) shoulId be atom has to be either p, or d-.

intt it:, er v. Typical simulated

anizu ir ifrn )q:, ri les for atoms with large 35eV 50 eV 65 eV
:r I ,icnr - ~ in E ig. I.

'e or 1 1i~it-with a beam oif electron

In I n-i nn 1er prof ilIe of the F(90*) ,.

b~O b~cOF(45*) .

Fig.4. Observed Doppler profiles and their differences.

References
M.io 243, (1982);.
.goS.Kamata &T.Ogawa. Chem.Phys.,6,23(92;T

Ogawa,S. lshibashi,J.lKurawaki & tl.Kawazumi, JCP, in press.

JKurawaki and T. Ogawa, Chem.Phys.Lett. .98,12(1983).

Flg.l. Simulated angular difference Doppler profiles 
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.4
AN Ab-INITIO STUDY OF THE DISSOCIATIVE ATTACHMIENT TOD H2 OF ELECI% Er.ZP-GIES 6 eV to 12 e',

S.Bhattacharyya *L.Chatterjee azi(7 K. kash. ..rY

Gokhale College, Calcutta 700020, I-
Jadavpur University, Calcutta 70CC32,

An ab-initio dissociative attachment (DA) L(r) gives the P motion of the atom and

cross section for H- ion formation is obtained ion.. -

after allowing some modification over our Pre- All the 1, in the summiTation arise

vious field theoretic calculation1 and with a because of th e nouishability of the ident-

more realistic type of molecular and ionic wave tical particlp . --e intearals in the DA

function. The result fits well with other expe- cross-sectir. i- analytically.

rimental and theoretical findings.

The phenomena is treated as a recomrbinat-

ion process. The leptonic field of the projec-

tile electron interacts with the fields of the

particles constitutInc the target molecule via

longitudinal photon exchange. The energy rance

considered here is much above DA threshold ..

(3.7 eV). 1he velocity of the target molecule

in thermal equilibrium is assumed to be negli-

gible compared to the speed of the projectile

electron. However, situation will be differentif

Ei! 357eV, and the thermal velocity of H. 2 wih FIGUrE 1 Energy le;~ vf H_ ion formation
M-axwellian distribution cannot be ionored re- cross-section dueC ative attachment of
sulting in en increased phase space. H2 by electron.

Cur computation with hydrov.en molecule in - Experimental - cn~ultz3,

the ground electronic and vibronic state qives --- Experimental rpe-.1 et al. 2 .

for the cross-section -Present theOietic-a1
2

4 M f ;j j 2M~ (E e) 3/2 .
DA 6 p P i- Reference

(2n) i .

whee, , ad P ar th enrgyandmomntu of 1. S. Bhattacharyya. L. C., -~ T.Roy,

wherojeilnd Ar the enrg an moetm Mf Indian J. Phys. 7P - A4

the rojctie. "'~ oV{~A'~ \ Oct~ 2. D.Rapp, T.E.Sharp, D. i- . Phys. Rev.

Alttiough one may question here the Born Letter 14 (1965) 533.

type of interaction, yet the interference term 3. G.J.Schulz, Phys. R~ev. ... >q) 816

between M eand m e i gives rise to peak in the

cross-section near 10 eV, the threshold for H2
ion formation in the ;~ state

M fi 9 6 3 (p c-0C) X1X2r
fi 41(2n) ccH(X~r

12
ri (X 3 )xL(r) 7- (2DeIX X X r) _Gep(X X r)

i 1 i 1 1 2X3r)

H2 (X X r) and 'Fi(X ) are respectively the wave

functions of the target and the projectile.

D~C(X X2Xr) ad G~(X X X r) are the product

of the wave function of H atom and H ion alorr

with the Coulomb part of e-e interaction and

c-p interaction respectively.

For example,

r, 1(X XX r) =H(X 3- r)H-(X 1 +2rX 2 )/JX 3-X 2-r,

1eP( I1 2 X 3 r) =H(X 3 -r)Hi(X 1 .2r.X 2 )/IX 3 +rj
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DISSOCIATIVE ELECTRON ATTACHMENT TO MOLECULAR LITHIUM

J_ M. Wadehra and H. H. Michels+

Jart'ieht 2~Py i s Wayne State University, Detroit. Michigan 48202 USA

e'O 7pchnnloqies Pesearch Center, East Hart ford, Connecticut 06108 USA

-spuar rn (L i 2  and polarizability and weak bond strength, th 2+sttth -+ tt
r~i tn h'p va 1 -ce of Li2 is a true bound state for all internuclear

I. r-e n ttacmen to sepratins.TheA +state, on the other hand, is
,i~ sir-illar. In bound only for R - 6.51 a.u. For smaller internuclear

* . ~ '-'' eoerot5separations, this state is the lowest resonance of Li 2.
eptncrn attachment A semiclassical approach utilizing the local-width

,Qm ,arable to resonance model s used to obtain the cross sections

and rates for dissociative attachment to Li2. The

S l 35. a resonance width for the A 2 state is parametrized in
" j el tiat atomic units as 7(R) = 0.0143 k(R), where k(R) is the

~~- can, enhance local wave number of the attached electron. The

it Ov-i rders of behavior of the attachment cross section is investigaled
'i ,S' .id'es ; to investi- both as a function of the incident electron energy for

.- -'-i~s'-'~o-na..a'etof the a given rovibrational state of the molecule Li2 and as
--= in'-eis~nn the a function of the internal energy of the molecule for

a fixed incident electron energy.

. ~ ~ ' ~ ~This research is supported by AFOSR under Grant W46
-'a'-.so' L a I '. 2- lwet w AFOSR-84-0143 and Contract F49620-83-C-0094.

na-el, theI and the A Iq
samep electronic svmmetrv as the References

* .. oweer du t lae . M. W, McGeoch and P. E. Schlier, in Proceedings of

SIrtrroiona Sv'nos-'3n t e Pro duction

16 1 1 1 andDeutralization of Neoative Ions and Beans,
edited by K. Prelec (American Institute of Physics,

14New York, 1984), p. 291.

2. J. M. Wadehra, Phys. Rev. A29l, 106 (1984).
12

10
Li(

2Sg) + Li(
2S9 )

E 8
U

4 -Li(
2S ) +Li (Sg

10

2 - 55

0 0 x14+

-2- X 2
,.+

4
1 2 3 4 5 6 7 1

R(A)

PIGURE I Potential energy curves for dissociative

electron attachment to Li 2.
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VUV FLUORESCENCE PRODUCED BY DISSOCIATIVE ELECTRON-IMPACT EXCITATION OF SF6
K +

J.L. Forand , K. Becker , and J.W. McConkev

+ Department of Physics, University of Windsor, Windsor, Ontario, Canada N9B 3P4
Department of Physics, Lehigh University, Bethlehem, Pennsylvania, USA 18015 r

Collisions between electrons and sulphur-hexafluo- ring.

ride (SF6 ) molecules are of great practical interest due 2) Emissions from singly ionized fluorine were observed .'

to the importance of the molecule in high voltage insu- in the spectrum below appr. 600A, NUt were extremely

lators and spark gaps. Although several studies utili- weak. Only the line at 606A (transition 2s 2p
3 3

po I J& 4"-"

zing different techniques have been performed to investi 2s
2  

p F) was intense enough to be studied in some

gate e - SF6 collisions , little is known about the detail. Onset p,,tentials were found to occur at approxi-

disso-iative excitation of SF 6 by electron impact and mately 45 and 39 V. SubtraLtiou of the FI ionization

virtually no absolute cross-sections for the various potential (11.4 e%) .od the photon enercy corre.spondin""

resultant fragment emissions are available to date. Da- to 606A (20.5 v'j results in residual energies necessary

to are particularly scarce for emissions in the extreme to break up the SF
6 

moleule of 7 and 21 eV respe.t iv- y.

ultraviolet region of the spectrum. 3) The maj'r neutral sulphur emissions occur at 1425,

We have studied the VUV fluorescence (400 - 2000A) 1433, 147, 1483, 1666, IS07 and 1820A. The lines c "
p 3

produced by electrons incident on SF6 under single colli- respond to two series of emissions, from upper 3s p. 3 p

sion conditions. A crossed electron-gas beam set-up 3d, as electron ,onficurat ions t,, the 3s2 3p , -.

was emploved in coniunction with a 0.5 m Seva-Namioka ground state and from the 3s- p 4 3, D states to4_I - Th stnes ems--o

VUC monochromator. Detection of the VUV radiation was the 3s 3p D state respectively. The stronges emis-o
made using either a ullard 419 BL channel electron sion is the feature centred at I 474A with an emission

multiplier or a caesium-iodide coated Galileo Electro- cross section of 3.x 
1  

mC at 200 eV. For all SI

Optics BX 7600- 413 photon counter tube (above 1200A). emissions smooth excitation functions were measured with

Wavelength scans from 400 - 2000A for various incident a maximum slichtlv below 200 e, and appearance potentials

electron energies displayed a variety of emission fea- around 35 V. This ,ieds residual energies around 27 e%, --

tures which could be identified as arising from neutral which is 9 eV higher than the residual nergy observe d

or singly ionized fluorine and sulphur. No emissions in connection with the tormation of excited fluorine

lron more highly ionized species were found. Excita- fragments.

tion functions were measured for the most prominent 4) The emissions identified as arising from excited S11

teatkires from threshold (typ. 30-50 eV') to 600 e%' and t ragzments lie, between 900 and 1260A with intense lines.

they were put on an absolute scale by comparison with around 910, 937, 995-1030, 10,7, 1100, 1204 and 1256A.

well-known benchmark cross sections In separate The spettram is very omplex and a variety of excited

runs the threshold region of each line was scanned to states - sot of whiih arc unidentified or unt lassifi, d

*determine the onset potential which can sield tnlorma- - are involvced. T,.pi-alj% li mission cross sections for

tion about the underlying dissociation mechanismfs). SII features rarc from n -lOslO
- 1 

cmI 1 at 200 eV. Mea-

.A d,:ail.3 am:lcais of the data will be presented at the sured onset potentials ieldd residual enerciCs I lose

Conference, but the main results may be summarized as to 24 eV. .
'--it

follows: This work was supported hv the, Natural St-itn, ,ad

) The neutral fluorine emissions were found to be the Incinecrinc R-ser, , ,, mil ,I Canada INSIRC).

most prominent feat ares. Intense emissions were observed R, f, rene L

around 975, 953, 806, 795 and 760A and weak emissions ..u, S. rmir n, o A. ( utljian. I. 'h-. i I'), 2941 i

were detecttd all the way to the ionization limit of Fl (I977) Ind r t oren, r ven thtrein.

at 71 IA. The major transitions arise from upper 2s" 2 2. 5. ker It 'an:.i. S .Si. 1 17 198, . -Ye

m, md electron ,ontizurations (n=3, ,5.6; i=4,5) and . K. ,,er and I.t. , tO. n . ;hon. , .

terminate in the 2 
-
P p ground state. The 935A line I l -I.

has the largest emissin cross sect ion of all observed

fragment emissions with 2.1n10
1 8 

< at 2f e, impact

energy. The excitation funct Ions 1of all tile t-I lines %

ciisplay a smooth increase from a single onset to a broad

maximum around 200 e%'. No indicat ion were found that

processes with different dissociation limits wi re o, cur-

-. ... . .. .. . . ... . - . ... ... .. .... .. ,,.,-.-
" <-. -' ".-.' .- ,"i-- , . .- .. VVV-....-...." " N-'-"-
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OBSERVATIONS AND CROSS SECTIONS FOR ELECTRON ATTACHMENT . -

IN MOLECULES AT ULTRALOW ELECTRON ENERGIES . .

A. Chutjian and S. H. AlajaJian

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

Extremely sharp, resolution limited onsets have been presented for the above molecules, and comparisons given

observed in electron attachment and dissociative with theory in the case of SF6 ._

attachment (DA) to a large number of molecules. The ,'V'-L.

onsets are observed at electron energies -less than 10

meV, and the resolutions attained to date using the Kr Crcce4 ] :
photoionization technique

1
- are - 4-8 meV (FWHM).

The threshold onset is a general phenomenon, and hasCF3 2 2- T\ 6 meV
been observed by us so far in SF 6 ,1 CC.,1 2- . "E .

C4F 6
2 

2-C4F 8 , C5 F8 , C6 F 6 , C7 F8 , C6 F1 0 and 1,1,1-

C2C *3F3-- all molecules known to have neutral-negative Z r41

ion curve crossings at zero electron energy. The

phenomenon is n=& observed in CF2 C, 2 -- a molecule k.nown ..

to have a curve crossing near 70 meV. The lineshape for 10
- 14 -

the DA channel C -/CFC 3 is shown in Fig. 1 at a 0 10-12-.

resolution of 4 meV (FWHN). SF -SF

The experimental results are interpreted in terms SF6 -"6

of the s-wave behavior of the attachment cross L -
3 -8meVsection A

( 
) in the limit . 0, namely

3 
:A( -1/2 I

=-1/2 for = 0. Attachment cross sections are 103

obtained by normalization through the absolute

attachment rate constant. Results in CC 4 and SF 6 are

shown in Fig. 2 where comparison is also made with other

swarm (o and.), collisional ionization (0)5 and 14 "

earlier photolonization ( 6 results. There is very 1 "

good agreement of the present data in SF 6 with 0 20 40 60 80

theory,
7

'
8 

in particular with a prediction of the sharp ELECTRON ENERGY (meV)

onset in an earlier calculation by US.
7  

Experimental Fig. 2. Cross sections for electron attachment to CC".

lineshapes and attachment cross sections will be and S Present results are given as solid
line -- ), The maximum s-wave capture cross
section (--2 ) is indicated.

700-- -- ' "
This work was carried out atJPL-Caltech, and was

600- /, supported by the AFOSR, DOE and NSF under agreement with

Ce VCFCe 3  NASA.
S500 .
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ELECTRON ENERGY, meV. -

Fig. 1. Attachment line3hape for the process
C;./CFC.3 at 4 meV (FWVH) resolution.
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PHOTOENHANCED ELECTRON ATTACHMENT IN C2 H3 C1 AND C3 F3 H AT 193 nm

M. J. Rossi, H. Helm and 0. C. Lorents " ."

Chemical Physics Laboratory, SRI International, Menlo Park, CA 94025

WEAN KINETIC ELECTRON ENERGY I,.V
From the temperature dependence of the electron 30 ED O a 1 20 4 l ,

attachment coefficients cross sections for rotationally ,5* I% * KR .R

and vibrationally excited attachers can be derived, L- oN

that are significantly larger than the ones found for T low 12- 7.

the corresponding ground states. The goal of the pre- 2 - -
sent study was to investigate the electron attachment 10-T-'"

properties of vibrationally excited HCI and HF using

photoelimination at 193 nm from the above mentioned '.

precursors as the method of preparation. o

Our experiment involves the measurement of the '.o CC,.
L~ OFE

electron attachment coefficient of an electron swarm in

a drift cell, whose gap between the parallel plate 0'0I ' 0, .".Gool ' io 'oo 6. . .o ..

electrodes was irradiated with I mJ/cm
2 

of 193 nm laser REDUCED ELECTRIC FIELDSTRENGTK TD.

radiation following the method of Gruenberg.

Figure 1 shows our results for unexcited C2H 3C1 in Figure 1 Rxperimental Result for Photoemhanced
Electron Attachment of Vinylcloride.

500 Torr He, whose attachment coefficient as a function

of reduced electric field strength E/N shows a maximum
-1 Table 1 and tnis effect is thought to be due to the

i /P-34 cm- Torr
~ I 

at 2.2 Td. When the gas mixture presence of vibrationally excited HF according to

(500 Torr He) is excited with .9 mJ/cm
2 

at 193 nm the esen of vt

upper attachment curve which is based on the density of euto (2

ground state vinylchloride (2% excitation) results. hv + 2F2(
The photoenhancement of the electron attachment coeffi- 2 F3  19.3nmCv(2

cient (n/P) is quite impressive and amounts to 20000 at

.1 Td and to 500 at 2.2 Td. We attribute this result Table1

to the presence of vibrationally excited HCI, which is Table I

generated according to equation (1). The concentration Vinylchlorid (C2 H3CI) (a = 1.7 * 
17 

cm
2
)

hv " ' " " °

C2 H3 CI -- n. C2 H2  
+ 

HCl* (v'=61) (1) E ka kd1,, na N. ° .

dependence reveals fast quenching of the excited (Td) (cm
2
) (cm

3 
s
-
) (cm

3 
s

-
)

attacher by the precursor (C 2 H3 CI), and the pertinent 0.082 0.01984 4.1 * 10-
14 

5.7 * 0
-  

2.0* I0
9

r

results are given in Table 1. The power dependence of 1.23 0.01984 9.7 * [0
-
14 4.2 *0

- 7  
4.0 * 10

- 9

f/P is linear up to to 2.3 mJ/cm 
2
, after which it shows

a "plateau", so that we must conclude that an unknown

deactivation process becomes important. The dependence Trifluoroethvlene (CF 3d) (z - 2.44 * 10
8 
cm) . "

of n/P on total pressure is weak.

In the case of trifluoroethylene the results are 0.82 1.75 * 10-3 .3 * 1)-14 1.5 * 10b 4.5 * 1
-l  

"

very similar. The photoenhancement of the electron 4.1d 1.74 * 1 3 *014 1.8 * 1 1 h 6 1 1 -10

attachment coefficient based on the excited density of

trifluoroethylene amounts to a factor of 60000 at .1 Td Experimental .lata ftr the 193 nm photoenhanced
electron attachment of vinvlchloride (.9 mJ.'cm-) and of

*and to 11000 at 6 Td with a ground state attachment .3m ,c2
trifluoroethylene .7 c f is tne fractional

coefficient of 1.0 cm- Torr
-

1 and 1.8 cm-I Torr
- I  

excitation of the precursor, is the averaged attach-
respectively. For C2F3H the amount of precursor ment cross section, ka is the attachment rate cinstant.

excitation (.0036) is much smaller than in the vinyl- Akwemn Rsrh uptd'."

chloride case. Characteristic data are given in gratefully acknowledged.

..............................- •,° ,--e" -. ** -. - ......... . .,°,. . . . -. • .• .... ... "
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ELECTRON SCATTERING BY EXCITED HYDROGENIC IONS USING AN OPTICAL POTENTIAL APPROACH

0. H. Oza and J. Callaway

Department of Physics, Louisiana State University, Baton Rouge, LA 70803 U.S.A.

r . 4

In this work, we are primarily interested in the Green's function, ui is the target state function, Vii

scattering of electrons by hydrogenic ions in excited and Wij are direct and exchange potentials

states at low energies. Particularly for ions in the respectively and Uij is the complex, energy dependent,

excited states, the coupling between various states is optical potential.

very strong. A direct calculation using the close-

coupling method with a basis of real atomic states Ui (rx) = - d y
2
dy f z2dz K. (r,y) ym(y,z)K, (zx)""i m 1m' -°'''' m

supplemented by pseudostates, as has been successfully m

done in the case of the scattering by ions in the (2)

ground state, may be inadequate due to the large In this expression, the indices i and j run over all

number of channels which must be included, the channels explicitly included whereas the index m

In order to describe the target atom adequately, is over all the channels we wish to include via the

including the excited bound states as well as the optical potential. In this way it is possible to

continuum, a basis of real atomic states supplemented include a large basis set without having to consider

by a rather large number of pseudostates is the dynamics of the pseudostates in detail. Here Kim. -*

employed. But we consider only a small number of Is the non-local kernel which includes the direct and

channels explicitly. A set of coupled integro- exchange potential and Ym is the appropriate Greens

differential equations are solved for this set of function.

channels. The effects of channels not explicitlye2

included are incorported through a complex, energy Ki (r'x)=Vi(r) - 6ij r

dependent, optical potential. This optical potential ' 

describes the energy dependent polarizability of the + (-1,u-(x) (1iCx~r) ". " -)6 '.
1 6 i uji(r)

initial target state, and also includes the loss of (3)

flux to other open channels not explicitly included.
Eq.(1) is solved numerically by a linear

The set of coupled integrodifferential equations algebraic method. The Green's function, Qi, is

are converted to the integral form using appropriate adapted to obey the K matrix boundary
adatedto beyth K atrx bundryconditions. Due

two-particle Green's functions. The resulting set of to the complex optical potential, the resulting K-

coupled integral equations for the scattering matrix is also complex. It is determined by fitting

functions describing the motion of the scattered the numerical solution at large distances to the

electron are asymptotic form. From the complex K-matrix, the other

N e2 scattering information is obtained in the usual way.Oi r F,(kir)6 ia- E f 0 1(r,x)j'V ij(x) -- 6 ij )0ja(X) 'i

0ia(r) = - r j= 1 x We have been able to reproduce the 3-state
+ dy y2

[ui(Y)(Wi.(Yx)- (K2- E2 ) 6 2 u(x) (Is,2s,2p) close-coupling results for the scattering
(KI ij) 6t 6 X1 £.j'

1 2 of electrons by hydrogen atom in the ground state in

U. Ui(x,y)] j(y) dx (1) the literature using our computer code. In the

conference, we will present the elastic scattering

cross-sections by hydrogen atom and singly ionized
where Fi is the regular Coulomb function for thei

incident channel, the sum in the second term is over helium ions from their lower excited states.

explicitly included channels, oi is the two-particle
This work is supported in part by the U.S. National

Bureau of Standards.

. .. . . I

* .*. ..... ..... ... *..'-..........
... ,.....-....A.
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P-WAVE PHASE SHIFTS AND RESONANCES FOR ELECTRON SCATTERING BY He* , %
*. - .- .. :

D. H. Oza

Department of Physics, Louisiana State University, Baton Rouge, LA 70803-4001 U.S.A.

Accurate calculations have been performed with an parameters for a very narrow resonance for which no

algebraic variational method
1 

for the scattering of other ab initio theretical results exist in the

electrons by He
+ 

at energies below the n=2 threshold literature, although the experimental resonance energy .

of the target in the close-coupling pseudostate has been known for two decades
2
.

expansion approximation. The continuum functions in
the 

1
P-wave are relevant to the final state functions This work is supported in part by the U.S. National

Bureau of Standards. " to te

for the photoionization of He atoms in their ground B-e" 
" "

state, for which rather accurate experimental data Table 1. Ip Phase-shift for J-=.0 Ry.

exists. In addition, there are three series of

resonances, of which nine members of the (2snp + 2pns) Basis 6

* series have been experimentally observed2. Also,

there is interesting recent experimental work on the 1s-2s-2p (Ref. 4) -U.0447

lowest 
3
P resonance

3
. ls-2s-2p (Ref. 5) -0.0285

In this work, we have used three different basis 6 states (3-3) -0.0249 .-

sets for the description of the target ion. One set, 14 states (6-5-2-1) -U.02419

which we call the 6-state set (3-3), consists of Is,2s 18 states (7-5-3-2-1) -0.02400

and 2p bound eigenfunctions of the ion and one s-type

pseudostate and two p-type pseudostates. The 14-state
Table 2. 2s2p 3PO Resonance

(6-5-2-1) basis set consists of all the real bound

states up to n=3 and three s-type, three p-type, one Energy (Ry) r/2 (Ry)

d-type and one f type pseudostates. The 14-state

basis set is supplemented by one s-type, one d-type, 6 states (3-3) -1.520593 0.000300

one g-type and one f-type pseudostates to make the 18- 14 states (6-5-2-1) -1.5209U2 0.OOU30 1 - .'-

state (7-5-3-2-1) basis set. The parameters of the 18 states (7-5-3-2-1) -1.520913 U.OO3U1

larger basis sets are given in Ref. 1. Complex Rotation (Ref. 6) -1.520985 O.UU299

Selected and representative results are presented Experiment (Ref. 3) U.UU03U7

in three tables below. The phase-shifts in the non-

resonant region at an incident electron energy of 2.0
Table 3. (2s7p * 2p7s) IpO Resonance

Ry are given in Table 1. We also include the three-

state close-coupling results of Burke and McVicar
4  

Energy (Ry) r/2 (Ry)
(all real states) and Jacobs5 (Is real, and other

pseudostates) to notice the significant improvement in 6 states (3-3) -1.U2114 0.00024--

the present phase-shifts. Due to a lower bound on the 14 states (6-b-2-1) -1.U2135 U.00025"

phase-shifts
1 

in this case, one can judge the accuracy Experiment (kef. 2) -1.021"

of results. .'..__,._-._

The resonance parameters for the lowest 
3
P References

resonance are given in Table 2. We compare our 1. J. Callaway, Phys. Repts., 45, 89(1976).

results with that of Ho
6 

by complex coordinate 2. R. P. Madden and K. Codling, Ap. J., 141,
364(196b).

rotation method and with the experiment
3. 

The 3. H. Cederquist, et. al., J. Phys. B,15, L479(1983). .'-"

experimental result quoted here is the one with the 4. P. G. Burke and 0. 0. McVicar, Proc. Phys. Soc.
(Lon.), 86, 989(1965).

least error. 5. V. Jacobs, Phys. Rev. A3, 289(1971).

To demonstrate the fact that the essential 6. Y. K. HO, J. Phys. 8, 17, LbY5 (1984).

physics of the scattering problem is adequately

represented in the present approach in a practically

tractable way, we present in Table 3 the resonance

- . :•:1..,:-:.
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ELECTRON IMPACT EXCITATION OF OPTICALLY ALLOWED TRANSITIONS IN C--LIKE IONS ,~. 1

K.M. Aggarwal

Department of Applied Mathematics and Theoretical Physics,
The Q ueen's University of Belfast.
Belfast BT7 INN, Northern Ireland.

0. ~,al w,. n- t 'o i arb(,i-jike ;ons lower, in general, by as much as a factor of 1.5. This

h .. bn ,tbs~rv-f in tht- s.1.jr spe. trum ho anv workers, is mainly due to the choice of different wavefunctions

Theo vxperinentil Iv Ivho. I~ lue int-it r tv, Hit -ploved in different calculations and partly due to the
i n t h,,A t-r-: .i t i 7 1 .. t i-n -an ~ttering methods used i.e. R-matrix and Distorted Wave.

ire n- .Table 1.

t r,17,sit r i- ,* i llision strengths for optically allowed transitions
is i fuinction of energy (w.r.t. the ground state)

ii etweten the ls'2 s 2p: and 1s
2
2s2p

3 
configurations

rho ~r i . i ~ - . . . -* -l ike ions.

rositsTransition

t rutns it .-,i k i.ii p. D1 lp. 
3
p-.

3
SO D-'

1
D
0 1

D-.
1
PO 

1
S-'P

0

41i 8.0 12 6.535 3.592 4.713 2.030 0.798
von. tS. 50 - . 7 7.455 4.602 5.9S8 2.592 1.091

-liKikon bee t !i- -!i 00 .721 7.800 4.789 6.740 3.265 1.259
-11 .19o 8.512 6.191 8.086 4.149 1.589

an,! the rs'to lsaeI irv i ':-. I- -t rt 9 1.583 8.980 7.162 8.914 4.785 1.769

I .e V
,rti, allv oioce transitics .. r. ci t-ro ii t he_______________________

because oft the li-,ited num~ber of spartial a , .0l 4.819 4.460 3.962 4.788 2.316 0.980
-.0 4.962 4.515 4.047 4.999 2.632 1.022

-onsidered (1, 9). These partial vv, i'3 5.137 4.626 4.170 4.957 2.618 1.035
i nsu t ti ci et to r tile onve reneft . in si h 10.00 6.210 5.336 4.692 5.700 2.922 1.170

20.(0o 8.100 7.013 5.831 7.305 3.634 1.515
transitions. Hence, the contribtition ,r L 9 has 510 ,0 9.401 8.258 6.802 8.607 4.269 1.763

now been L31 ulated trom the Coulomb-Born program and 40.00 10.61 9. 338 7.641 9.712 4.838 2.000

v salues m . for allowed transitions are reported here olMg VII

for 4 ions viz. 0 111, Se V., Mg VII and Si IX. The 4.0 3.200 2.909 2.750 3.380 1.745 0.6866

calculations are in progress for Ca XV and Fe XXI. 5.0 3.310 2.918 2.722 3.252 1.716 0.6780
7.5 3.606 3.098 2.778 3.343 1.687 0.6868The wavefunctions used! in the calculations of .. for 10.0 3.933 3.354 2.936 3.569 1.772 0.7372

L - 9 are the same as used for L < 9 in the K-matrix 20.0 5.025 4.272 3.500 4.451 2.224 0.9540
30.0 5.917 5.307 4.098 5.247 2.620 1.151

*program. These have been computed from the C1V3 program. 40.0 6.457 5.650 4.526 5.831 2.897 1 .239
The contribution to of L 9 has found to be 50.0 7.044 6.092 4.921 6.353 3.092 1.315 .

60.0 7.676 6.636 5.329 6.912 3.360 1.431
significant in comparison to that of L. 9 and in fact __________________________

*increases with the increase of incident energy of the d) Si IX

electrons. 5.0 3.038 2.586 1.899 2.457 1.186 0.5030
Thevaue o 2 ae isedata ewenrgesin7.5 3.179 2.827 2.185 2.855 1.361 0.5873
Th vlus f relite a afw negis n10.0 3.262 2.926 2.367 3.052 1.433 0.6095

Table I for 6 optically allowed transitions (among the 20.0 3.577 2.961 2.436 3.139 1.484 0.6208

222p2 ad2s2p 3 configurations) for each ion. From 30.0 4.165 3.480 2.782 3.495 1.664 0.7048

thee . heexittin at coffcint cn e asly50.0 4.649 4.044 3.293 4.191 2.025 0.8620
* hee .heexittin ae oefiietsca b esiy70.0 5.297 4.563 3.679 4.795 2.314 0.9961

*calculated because contrary to the forbidden transitions, 90.0 5.969 5.125 4.091 5.341 2.575 1.106

these are not dominated by resonances. Hlowever, the
Re ferences ~-[

resonances in these transitions are not completely ruled
1. K.M. Aggarwal, Astrophys. J. SuppI. 52, 387 (1983).

out and we do observe these for some transitions in the
2. K.M. Aggarwal, Astrophys. J1. Suppl. 54, 1 (1984).

threshold energy region as is also evident from results 3. K.Agrwl Asrhy. 1.up.56 30 (98)

listed in Table I. 3 .. AgraAtohs .Spl 6 0 18)

The earlier results available for these transitions

are mainly from the Distorted Wave calculations and are -
at energies well above the excitation thresholds. On

*comparison the present results for Ql are found to be

%...................-.... . . . . . . . .
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COLLISION STRENGTHS FOR THE FORBIDDEN TRANSITIONS AMONG
THE GROUND-STATE CONFIGURATION OF SIII*

Y. K. Ho and Ronald J. W. Henry

Department of Physics and Astronomy
Louisiana State University, Baton Rouge, LA USA 70803 Iwo

o
Observations of the extreme-ultraviolet spectrum of -.-.

the Jupiter satellite lo during the Voyager I and 2 en- ..-

counters revealed bright emission lines of some sulphur L (A),

and oxygen ions. 1 Atomic data such as collision p...

strengths for various sulphur ions are needed to inter- O _, .

pret the physical conditions of the Io plasma torus.

For example, it has been deduced that the temperature - -

of the torus is 80,00K. Electron impact excitation -

*rate coefficients at that temperature are hence of :-iq

interest. U j-

We present calculations of collision strengths for

the forbidden transitions among the ground-state con- LL

figuration of SIll ions. Electron impact excitations "'co ,:, -- ''"

for P- 0, P-
1
S, and D- S transitions are calculated

by use of a three-state close coupling approximation.

Configuration-interaction type wave functions are used _z I

to represent the target ground states. The configura- w (B)
32 2  4 2 2 2 2

tions are of 3s23p , 3p4 , 
3s3p 3d, 3s 3d , and 3s23p4f. "

The optimization of the excited orbitals has been dis-

cussed in a previous publication The scattering wave

functions are solved by use of a non-iterative integral - -----.-..

equation method.
3 

Results for the thermally averaged -_

effective collision strengths are shown for temperatures j ..-- I

ranging from 20,000 to 140,000K.

Calculations are being extended to investigate

convergence behaviour by including more states in the

close coupling expansion. Resonance effects on the L 0-:L000 scc: cc:00 1;cc 0 140000
collision strengths are also being investigated. We

will present the latest results at the meeting. A

comparison with the other close coupling calculation
4  Z

at temperatures less than 20,O00K will also be presented. (C)

*Supported in part by NASA grant NAGW-48. (r!_

1. 0. E. Shemansky and G. R. Smith, J. Geophys. Res. 86,

9179 (1981).

2. Y. K. Ho and R. J. W. Henry, Ap. J. 282, 816 (1984). -

3. R. J. W. Henry, S. P. Rountree, and E. R. Smith,
Comput. Phys. Comm. 23, 233 (1981). .j i

4. C. Mendoza, J. Phys. B 15, 867 (1982).

cl CCG 5C c C'C.CC IlOCO t4cZC

TEMPEPqTUR. K ..-
Fig. I Thermally averaged collision strengths

as a function of temperatures; "'" -

(a) 
3
P-ID transition;

(b) S;

(c) 0" S.

- -1 1.
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DIFFERENTIAL LECTRON SCATTERING CROSS SECTIONS FR HE 3s 3p P1/2,3/2 -. .
TRANSITIONS IN Ng: COMPARISON OF EXPERIMENT AND Y-OR'

I. D. Wiliams, A. Chutjian, A. Z. Maezane and R. . W. Henry*

jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
Atlanta University, Atlanta, Georgia 30314

+Louisiana State University, Baton Rouge, Louisiana 70803

Experimental and theoretical angular differential presented in Figs. 1(a) and (b). To compare the shape "':.-"

cross sections will be reported for the inelastic 33 of the measured differential cross sections to theory, , % -? -
S1/2 - 3P 

2
P12,3/2 transitions in MgIX at electron the experimental values are normalized to the

energies of 35 and 50 eVI.1 Experimentally, measurements theoretical values at 120. Good agreement in shape

have been made in the range of electron scattering i observed between experiment and theory, although W .-

angles of 80 < < 170, using the newly developed experimental results show a slight shoulder feature not , ..

electron energy loss technique in a 900 crossed present in the calculations. The optically forbidden

electron-ion beam geometry.
2  A five-state close MgII 3s 2S - 4s 2S, 3d2D transitions have also been

coupling approximation has been used to obtain detected experimentally for the first time anywhere,
6

theoretical values In the angular range 0 
<  

< 180°•
3  

and results on these features will also be presented.% ..

These measurements find application in the diagnostics The experimental work was carried out at JPL- -

of high temperature plasmas as found in solar flares, Caltech, under contract with NASA; RJWH and AZM were

stellar atmospheres, and the interstellar medium, supported by the DOE Office of Basic Energy Sciences.

A velocity analyzed beam of MgII ions, generated in One of us (IDW) thanks the NRC for their support.

a Mg vapor discharge, was electrostically focussed onto "

the collision region. A transverse electric field Referenes

prior to the collision region deflected MgII ions away 1. 1. D. Williams, A. Chutjian, A. Z. Msezane and R. J. '. ' "

from any neutral Mg atoms or photons present in the W. Henry, submitted to Astrophys. J.
incident beam. An electron beam of low angular 2. A. Chutjian, Phys. Rev. A 22, 64 (1984).

3. A. Z. Msezane and R. J. W. Henry, Phys. Rev. A 2., 6. ..-

divergence was focussed onto the ions, and inelastically 692 (1982).
4. W. T. Rogers, G. H. Dunn, T. Ostgaard-Ulsen, M.

scattered electrons were detected by an electrostatic Reading and G. Stefani, Phys. Rev. *25, 681 (1982).
analyzer and lens system, which could be rotated 5. A. Chutjian, A. Z. Msezane and R. J. W. Henry, Phys.

1 Rev. Lett. 5&, 1357 (1983).
relative to the incident beam direction. Energy loss 6. I. D. Williams and A. Chutjian, unpublished results. 4.
spectra were obtained at 10 intervals for a range of

forward scattering angles, corresponding to excitation 10-.-""

1,of the unresolved 33 2 1/2 3 fine structure 1024

transitions in MgII at 4.42 eV (j z 1/2) and 4.43 eV (U 103 ,  .
= 3/2). The overall resolution in the energy loss

* spectra was 0.55 eVi (FWH4). Relative differential cross-

sections were determined by calculating the area under Figure. 1.

the peaks in the energy loss spectra. 10"- \ -.

Theoretically, Msezane and Henry 3 previously 1

calculated cross sections for the 4s - 4p excitation in E 102- 0

ZnII in a five-state close-coupling approximation in 0 " " ".48

which the 4s, 4p, 3d 9 4s 2 , 5s, and 4d states were ' .

retained. Very good agreement with measurements of the
4 +absolute emission cross sections was obtained at 7a +

electron energies E in the energy range 15 < E- C 100 eV, b ++.

when cascade contributions were included; and with the 0+ ++..

differential energy-loss measurements 5 at 75 eV. We use ""

reactance matrices obtained by Msezane and Henry 3 to e+% I "

calculate differential cross sections in Mg1 at 35 and 32S 3 2 p0 I • """ .

50 eV in which 3s, 3P, 3d, 43s and 4p states are 1 .•"--...

included. 10 35eVI
Results at an electron energy of 35 eV are 0 4 8 12 16 20

SCATTERING ANGLE (deg)

. . ... - . .

.- --.-.-.-

%'-• ".. °
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ELECTRON IMPACT EXCITATION OF THE 5p 
2
P AND 5s

2 2
D STATES IN CD[I

Alfred Z. Msezane* and Ronald J. W. Henry+
*Department of Physics, Atlanta University, Atlanta, Georgia 30314 USA

+Department of Physics, Louisiana State University, Baton Rouge, Louisiana 70803 USA

Electron Impact excitation of the lower 5p 2P and and the 5P 2p state by -5- '.

upper 5s2 2D laser states in the He-CdII hollow-cathode

laser, one of the most stable and useful metal ion las- 0.88269 4dlO 5p - 0.46943 4dl
0 

6p - 0.02202 4d
9

ers, is of current experimental and theoretical inter- 5p(
3
D)5d

est. The upper and lower states are populated via the

following stepwise excitation processes I The resulting energy splitting of O.
2
02a.u. corn-

e + Cd- Cd+ + 
2
e pares well with the experimentally observed val-

e + Cd+-Cd+(5s
2 2

D) + e (1) ueln of 0.
2
Ola.u. Also, the dipole length and

e + Cd+- Cd+(5p 
2
p) + e (2) dipole velocity oscillator strengths are the

Absolute crossed-beam emission cross section mean- same and equal to 1.21. This value contrasts

urements for processes (I) and (2) have been report- with the beam-foilll result of 0.62. We do not

ed
2- 5 

with the surprising result that the cross sec- yet understand the factor of two discrepancy be-

tion for Process (1) is comparable to or even exceeds tween our result and the measurement.

that for process (2). The surprise sterns from the con- Our cross section maxima for 5p 
2
P and 5s

2

sideratlon that the e-CdII system involves the excita- 
2
D differ by at least an order of magnitude.

tion of the next higher resonance transition to ZnlI This difference is consistent with that found in

for which experimental and theoretical data have been ZnII
1 2 

but is in disagreement with emission mea-

reported. The result in e-ZnIl collision indicates surement. Two and three-state close-coupling re- " " ".

that the resonance cross section (
4
s 2S_ 

4
p 

2
p) is at sults are compared with crossed-beam measure-

least an order of magnitude larger than the inner-shell ments from energy-loss spectra and absolute emls-

(4s 2S -.4s2 2D). Evidently, though ZnIl and Cdll are sion and with semi-empirical calculation.

sisilar, vet different trends are oossible which rp- *Supported in part by the F. S. Department of

quire careful theoretical and experimental Investiga- Energy, Office of Basic Energy Sciences.

t ions. References

Recently, ChutJtan
6 

has obtained from energy- 1. M. Mori, H. Murayama, T. Coto and Q. Hattori,

loss spectra both the differential and integral cross IEEE J. Quantum Electron. 14, 427 (1978)

sections for the resonance transition 5s 
2
S -5p 

2
p - Phys"-Rev.'A2. K. Hane, T. Goto and S. Hattori, Phys. Rev. A""'" ""

in CdlI and contrasted the differential cross section 27, 124 (1983)

with that for the (4s 
2
S'4p 

2
p) transition in Znil. 3. T. Goto, J. Phys. D: Appl. Phys. 15, 421 (1982)

The semiempinical Gaunt factor expression of Mewe
7  

4. K. Hane, T. Goto and S. Hattori, J. Phys. D 15,

is the only theory that has been used for comparison L82 (1982)

with measurement. 5. K. Hane, T. Goto and S. Hattori, J. Phys. B: At.

Electron impact excitation of Cdli from ground Mol. Phys. 16 629 (1982)

state to excited 5p 
2
P and 5s

2 2
D is investigated 6. A. Chutilan, Phys. Rev. A 29, 64 (1984)

in two and three state close-coupling approximation 7. R. Mewe, Astron. Astrophys. 20, 215 (1972)

from threshold to 60ev. Accurate target wave func- 8. E. Clementi and C. Roetti, Atomic Data and

tions are employed which yield the experimentally Nuclear Data Tables 14, 177 (1974) "

observed energy splittings. The Hartree-Fock orbi- 9. A. Hibbert, Comput. Phys. Commun. 9, 141 (1975)

tals of Clementi and Roetti
8 
for the ground state of I0. C. E. Moore, Atomic Energy Levels NBS Circula

Cdli are used as basis. No. 467 (Washington, D. C.: U. S. Government

Program C1V39 is used to modify some orbitals and to Printing Office) (19S2)
generate the excited orbitals 6s, 5p, 6p, 5d and 4f. 11. T. Andersen and G. Sorensen, I. Quant. Spectros

In the 5s 
2
S - 5p 

2
p two-state calculation, for Radiat. Transfer 13, 369 (1973)

example, the 5s 
2
S state is represented by (omitting 12. A. Z. Msezane and K. J. W. Henry, Phys. Rev. A

terms with coefficients <0.01) 25, 696 (1982)

0 0.99844 4d
10 5

a + 0.00795 4d
10 

6s - 0.03819 4d
9

" 59(
3
D)Sd + 0.00257 4d

9 
5p(3 P)6p - 0.03982 4d

9 
5p(IF)4f

.. * ... ... ... ...%
"'# ."..".-° '. ". "."" "'." .'..'.' ',r " . ".' .'..''. _, .'.'. " '..... ...,. .. *. • •"." . "."#" " °" "....'. ' % °'°.'". ." .....-. '... ......... ..... ... .•..-.. . . .....
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INNERSHELL EXCITATION OF Ti
3 + 

BY ELECTRON IMPACT: EFFECTS OF TARGET u#u T j .
#

-

WAVE FUNCTIONS AND COUPLING

A. Z. Msezane* and Ronald J. W. Henry+
*Department of Physics, Atlanta University, Atlanta, Georgia 30314 USA

'Department of Physics, Louisiana University, Baton Rouge, Louisiana 70803 USA

The dominance of excitation-autotonization to binations of orbitals were tested and they led es- . ..r

electron impact ionization cross sections in Ti
3+  

sentially to the same A"E, fL and fV obtained ,*. '-.

has been demonstrated experimentally l,2 and calculat- above.

ed using a Distorted-Wave
3
approximatlon and a 10- Notable features of our calculation are:

state R-matrix
4 

expansion. The disturbing discrep- (M) The cross sections a(2pO), a(2DO) and

ancv between the earlier Distorted-Wave calculation c(
2
FO) obtained obtained using the HF wave func- ,

And measurement has been attributed mainly to the tion exceed those from the CI wave functions by -I

scattering approximation rather than the poor tar- less than 10, 12% and 15% respectively (ii) The

get wave functions employed
5 .  

difference ino(
2
pO), o (

2
DO) and C (

2
FO) cal-

The number of states included in the close-coup- culated in (a) using the Cl wave functions and in

line expansion and the description of the atomic (b) is insignificant.

states are the two major limiting factors on the We conclude that for excitation-autojoniza-

accuracy achieved by a close-coupling approximation. tion calculations in Ti
3
+ for Impact energies

We report here our investigation in Ti
3
+ for elec- above the 

2
DO threshold: (i) coupling among the

tron impact energies greater than the 3p
5
3d

2 
2D0 dominant states is unimportant i.e. the two-state

threshold: a) Wave function effects on innersheli close-coupling approximation is adequate, (ii) the

excitation cross sections from ground 3p
6
3d 

2
D to use of the HF wave functions yields reasonable re-

3p
5
3d

2 
2p(, 

2
DO, 

2
FO using the Hartree-Fock (HF) sults provided that the appropriate scattering ap-

wave functions employed by Griffin et a1
3 

and our proximation is employed. Below the 
2
D
0 

threshold

constructed configuration interaction (CI) wave func- resonances appear to be important
4 

and contribu-

tions in a two-state close-coupling approximation; tion of the REDA mechanism may be estimated as '

h) Coupling among the dominant autoionlzing states by described in reference 9.

including the four target states 
2
D, 

2
pO, 

2
DO and 

2
F
0  

Our cross sections will be compared with

in a four-scate close-coupling approximation, those from measurements and other calculations.

A ten term expansion is used for the ground 2D *Supported in part by The U. S. Depar ment of

state. The 
2
pO and 

2
FO states are each represented Energy, Office of Basic Energy Sci, ices -'' -

by 7 term expansions, while a 6 term expansion References -

represents the 2D0 state. 
1
R. A. Falk, G. H. Dunn, D. C. Gregory and D. H.

For tractable calculations, we retain only Crandall, Phys. Rev. A27, 762(1983) Lim

terms with coefficients of magnitude <0.01 in the 
2
R. A. Falk, G. H. Dunn, D. C. Griffin, C. Bottcher,

expansions. Hartree-Fock orbitals of Clementi and D. C. Gregory, D. H. Crandall and M. S. Pindzola,

Roetti1 are used as starting point for 1s, 2s,---, Phys. Rev. Lett. 47, 494(1981)

3d orhitals. Program C1V3
7 

is used to modify some 3D. C. Griffin, C. Bottcher and M. S. Pindzola,

orbitals and to generate excited 
4
s, 

4
p, 4f, and Sm Phys. Rev. A25, 1374(1982)

orhitals. The calculated dipole length, fL and di- 
4
p. G. Burke, W. C. Fon and A. E. Kingston, J. Phys.

pole velocity, fV oscillator strengths and the en- B. 17, L733(1984)

ergv splittings, ,E for the 
2
D-

2
p
0 

transition are 
5
A. Z. Msezane and R. J. W. Henry, unpublished

given below as an example and compared with those (1983)

of Hibbert et n18. 6
E. Clementi and C. Roetti, Atomic Data and Nuclear

Present Hibbert et a1
8  

Data Tables, 14, 177(1974)
..E(s.u.) fL fv E(a.u.) fL v 

7
A. Hibbert, Comput. Phys. Commun. 9, 141(1975)

1.8592 0.754 0.756 1.847 0.721 0.731 
8
A. Hibbert, A. E. Kingston and S. N. Tiwary, J.

The CI wave functions were constructed using Phys. B1S, L643(1982)

the same ionic core to facilitate estimation of 
9
R. J. W. Henry and A. Z. Msezane, Phys. Rev. A26, ,..'-'. .

importance of the REDA
9 

mechanism. Various com- 2545(1982)

.... .. . . .%

.....................
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DISTORTED-WAVE-METHOD CALCULATION OF ELECTRON-IMPACT EXCITATION OF: ATOMIC IONS

Yukikazu Itikawa and Kazuhiro Sakimoto

Institute of Space and Astronautical Science, Komaba, Meguroku, Tokyo 153, Japan

Electron-impact excitations of atomic ions are Assuming the L-S scheme of the angular momentum coupling

fundamental processes in high temperature plasmas in and taking account of configuration mixing in the target

laboratory and astrophysical systems. The difficulty of function, we can use the procedure of Smith and Morgan

the measurement of the excitation cross sections makes to evaluate the angular-momentum part of T(-.-.).

it necessary to develop a theoretical method reliably As an example of the results, Figs. I and 2 show

applicable to various collision systems. Here an approach the collision strength for the transition I IS 2 
1
S for

is proposed, in which i) the target ion is represented L.i II and 0 VII, res1 ectively. The electron energy is

by as accurate a wave function as possible and iii a expressed in the threshold units. The present result is

distorted-wave ( h) method is employed to treat collision compared with the close-coupling (CC) calculation by
dynamics. As a test of the approach, cross sections are van Wyngaarden et al.

2 
Also shown are the results of

V~~~~~- "o- the apprach croseciosre %a

calculated for ions of fie-, Be-and C-like isoelectronic the Coulomb-wave approximation (with (CBXA) and without

sequences and compared with other theoretical results. (CB) electron exchange), where the Dh is replaced by the

Introducing a distortion potential, U 
D  

and regard- corresponding Coulomb wave. The same CI target wave

ing the difference between the true interaction and U 
t
h function has been used in all the calculations. hse

as a perturbation, we adopt the standard theory of first- conclude that the present approach, though being very
DW

order perturbation. We assume U to be a spherical simple, gives good results unless the energy of the

average of the electrostatic potential formed by the incident or scattered electron is very low. I-or a j h6

target ion in its initial state. The same potential is higher nuclear charge, the present D, method is very-r.

used for the calculation of DW of both the initial and good even near the threshold. %lore details will appear.

the final states. Furthermore, an electron exchange is References ""."'. -

taken into account only between the interacting electrons. 1. K.Smith and I.\.%lorgan, Phys. Rev. 165 110 (1968)

hus we have the direct and exchange parts of the trans- 2. ;s.L.van hvnaarden, K.Bhadra and R..I.W.lenrv.

ition matrix elements in the form Phvs. Rev. A 20 1409 19-91

F )( .)= N ''N)F 
-
(N lJ r(d)N I ' ) (N+I 1 3. i.itikawa and K.Sakimoto, Phys. Rev. \ 31 (19851

a N,N-l I
T .(ex) = -N<: (1IN-I N*I)F(-}N) r( (. in press)

- N, N

Here is the target wave function, F is the distorted

wave, and N is the number of the target electrons.

0.014 CBICU

0.12 
-- -0 .12 - ------ 0------------. --. .. .. . .. ..-- S- -.. ... .. -0.010.. .. ...

0.10 DIN 1% 0l0- 'S - 2,S

0.08- CC o

0.00 6, o. " " "

0.02- L______I___S__2__S_____________

0.000 1 2 3 4 5 6 7 8

X000o 1 .. .

j.C 47 8 9

Fig. I " : "

---------..........- -

.~>.. . ... -.'.. .

. ' , - -' .% " - . .. .-' , . . -- , . - - . . .- ., . . .. . . - . - - " , . . - . ~ o - . • ., . ,- ° . • . . . • _ - - . - . o - % - .2 .° °
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EXCITATION OF DOUBLY EXCITED AUTOIONIZATION STATES IN IONS

Rajesh Srivastava and A.IK.Katiyar

Physics Department, University of Ro rkee, Rcorkee, INDIA

The ionization of atoms and positive ions excitations would be presented and discussed

by electron impact is one of the most important along with theory in the conference. Except -" -.

atomic collision processes relevant to contro- our earlier calculation in Coulomb Born
1

lied thermo nuclear fusion research . Theore Oppenheimer approximation (CBO) for only

tical models which allow the calculation of (2p) 23 excitation, unfortunately, no other ___

the contributions to the electron impact theoretical and experimental results are

ionization cross-sections arising from both available for comparison. However, looking

direct and indirect contributions such as the success of our present DW1BA model as

excitation - autoionization are currently being applied to single
3 

and double
5 
excitations in

eveloped. In fact, the mechanism where helium, we hope our results for Li to be

excitation of an ion to an electronic state quite reliable. AL

of energy higher than the ionization potential L

followed by autoionization allows a few

specific excitation transitions to contribute Reference

.ignificantly to the total ionization cross- i. D H Crandall, Phys. Scr. 23, 153(1980).

section. %r interest,therefore, is at present, 2. R Bruch, Phys. Scr. 26, 381 (1982).-

main. confined to the most important issue of 3. R Srivastava et al. J.Chem. Phys.(1984)

excitation - sstoionization contribution. (in press).
4. B Padhy et al. Phys. Rev.A 28 1825(1983).

5. R Srivastava et al. Phys. Rev. A (1984)

(in press).

°cohly excited states with two electrons

ire the -cst sndment3l atomic species which TABLC I Total cross-sections for (2p)
2 3

p

a,;c,)ionize. Soch doubtly states are not only in excitation in Li ion

neutral species (like heliir and alkaline Impact electron Present DWBA CBO approxima-
e-.... ) ut also recently bein analysed energy (eV) 0 (a.u.) tion (Ref.4)

"O et. u lorcntybi aaye (a.u.)

2
,n icns also

2  
A first step towards the study

of excitation - autoionization contribu- 148.25 0.5293E-04 0.5402E-04

ti n die to these doubly excited states 149.00 0.5320E-04 0.5476E-04

t'n-erore, would be to find first,the cross- 150.00 0.5336E-04 0.5556E-04

sections for their production by electron. In 152.00 0.5318E-04 0.5654E-04

view. we shall present in this conference for 155.00 0.5120E-04 0.5680E-04

the first time our extensive study in obtaining 165.00 0.4354E-04 0.5160E-04

electron impact excitation cross-sections for 170.00 0.3864E-04 0.4744E-04

doubly excited states in heliumlike ions. We 175.00 0,3386E-04 0.4303E-04

have calculated the cross-sections for the 200.00 0.1613E-04 0.2400E-04

excitation of (2p) P, 2p3p P, 2p3d ID and 250.00 0.3421E-05 0.6823E-05

2p3d 3D states from the ground state (is)
2 

S 300.00 0.2045E-06 0.2086E-05

Qf Li ion. The calculations are performed in 400.00 0.5878E-07 0.2629E-06

an improved distorted wave Born approximation 500.00 0.1840E-07 -

(D BA) where distortion effects due to static, ._._.

joolomb, exchanqe and polarization effects are

taken in both the initial and final channels. .-

As a sample, we present in the Table I
2 3

our present results for (2p) P excitation

only, while rest of the results for other %

- -P .-

• ... ..-'...'- . .." ... ." . ...... . .....'.. ., ....... ,......'.."-....'... .'.'...'....--......-, .. , .'-..-,-....
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COLLISION STRENGTHS FOR CII

K.A. Jerjian and R.J.W. Henry
+

Dept of Physics & Astronomy, University of Nebraska at Lincoln, Lincoln, NE 68588 USA
+Dept of Physics & Astronomy, Louisiana State University, Baton Rouge, LA 70803 USA -.

A close coupling calculation and the multichannel " .

quantum-defect theory
1 

for determining the positions X 1.2
I.-

and the widths of resonances have been applied to cal- 0.

culate the collision strengths of the electron impact W

excitation of singly ionized carbon. Five states I~
2pC, 4p, 2, 2S, 2p) have been used in the expansion Z .72

of the scattering wave function. The effect of the 0

resonances that converge to the 2S and 
2
P thresholds on

the 
2
pC _ 2D transition is evaluated. _ . L --

Since it is essential for collision strength cal- . -

culations to have a good representation for the various 24

states of the target ions, we 'irst carry out a some-

what extensive configuration interaction calculation 0

for the CII ions using the computer program CIV3 of ,93 ,9 .97 .9 1.01 1.03
Hibbert

2 
to extract an optimum and yet manageable set E Ry)

of configuration interaction wave functions. The re-

sults for the oscillator strengths of the dominant con- FIGURE 1. Collision strength ys enegy showing the
figurations of the various excited states - 2s2p 2 presen e of resonances in the 2pO. D transition in

CII. SPO symmetry, above the 2S threshold. .. ,

relative to the dominant configuration of the ground

state - 2s
2
2p - and the energy differences are shown in References

Table 1. 1. M.J. Seaton, J. Phys. B 2, 5 (1969).

The close coupling calculations were performed 2. A. Hibbert, Comp. Phys. Commun. 9, 141 (1975).
3. R.J.W. Henry, S.P. Rountree and E.R. Smith, Ccmp.

using the non-iterative integral equation code of Henry Phys. Commun., 23, 233 (1981).

et al. , at four energies, all of them above the highest 4. AK. Pradhan and--.J. Seaton (unpublished).

target state considered. The different reactance -

matrices were then extrapolated below some of the

thresholds with the use of the computer program RANAL
4

to obtain the resonance enhanced collision strengths

and the resonance parameters. As an example, the de-

tailed collision strength and the resonances in the
2
pC _ 2D transition for 

3
pC symmetry are shown in Fig.

Table 1. Oscillator strengths for the various 2s2p
2  

- -'--

excited states of CII relative to the 2s
2
2p 

2
pC ground

state.

,E(a.u) ..E (a. U)
f fv (theory) (exp)

2D 0.133 0.136 0.348 0.341
2S 0.112 0.118 0.462 0.439

2p 0.521 0.525 0.518 0.504

..........
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ELE TqJN 1MPACT COLLISION STRENGTHS FIR THE FINE STRUCTURE TRANSITIONS IN FE XII **

S. S. Tayal and Ronald J. W. Henry

Jepartmenc of Ihysics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803-4001 USA

e X11 firoidden lines due to fine structure We have included these seven target states in ~9
%31.%
transitions within the grouni 3s23P3 configuration our close-coupling scattering calculations.? The

a'e observed in the emission iltraviolet spectrum of collision strength calculations including the

tne s.~h obtained by the ',aval Research Laboratory effects of intermediate coupling ano autojohizationJ1

slit spectrograpn On SKylao1 . Certain line ratios is in progress and Should be available by the time

of the Fe X11 ion may be usefully employed for of the conference. These will be compared with the

letermining the physical conditions in solar Other available theoretical calculations.

corona
2
'. In order to calculate these line ratios

I accur~ately a detailed Knowledge of the atomic data,

especially the oscillator strengths and electron References

excitation rate coefficients for transitions among 1U. Feldman and G. A. Doschek, J. Opt. Soc. Am. 67,

ground 3s2 3p
3 configuration and many more low lying 726 ( 1977).

*excited levels, is needed. 2U. Feldman and G. A. Doschek, Ap. J. 273, 82Z

we nave calculated the configuration- 36. L. Withbroe and J. C. Raymond, Apu. J. 8b, 347

U ~interaction C 1) wavefunctions for tne seven lowest (
4
.mniadC oti t ul aaTbe

target states: 3s
2
31j

3 
'15o, 2DO, 2po, 3s3p

4 
ap, 21), 4. 177et (1n74) . otiA.NulDaaTbe

* 
2  

ad 2 Te C waefuctonsar costuctd A. Hiibert, Comput. Phys. Commun. 9 ' 141 (1915).
fro,, ls, 2s, 2p, 3s, 3p 3d and 4f ortnonorval oasis 6R. ulass and A, -ibbert, Comput. Phys. Commun. 16,

*orbitals. The Is, 2s, 2p, 3s and 3p orbitals are 19 (1976).

those of the ground state 3s
2
3p

3 
4So given by 7, R.J. W. Henry, S. P. Rountree, da E. R. Srmith,

Cleeni nd oeti an 3d and 4f are obtained with Comput. Phys. Commun. 23, 23J (1981).

Cl13
0 minimizing the energies of 3s2 3p

3 
4so and 200

states respectively. The relativistic effects are ....

*incorporated by means of 3reit-Pauli Hamiltonian

*whicn includes the spin-orbit, spin-other-orbit,

I spin-spin, one-b)ody mass correction and one-body

Darwin termis.0 The wavefunctions are used to

* calculate oscillator strengths for transitions among

*the fine structure levels. 6ci agreement with the

experimental energy spl ittings and between length

- ~ and velocity formulations for the oscillator

strengths is obt a ined .
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COLLISION STRENGTHS FOR FINE STRUCTURE TRANSITIONS
IN Ne II AND Mg IV

A E Kingston and C T Johnson

Department of Applied Mathematics and Theoretical Physics
The Queen's University of Belfast

Belfast BT7 INN

Northern Ireland

The 2s 2P P ? transition in the ground agreement with those derived from the measurements of * %,*,4-;

state of Nell is observed from HII regions and planetary Esteva and Yehlman', using a more recent value for the

nebulae. The neon abundance in these objects can be series limit
8

estimated from the line flux if the collision strength
TABLE 2

and transition probability are known. The co-responding

transition in MgIV has been detected recently . We are Theory Experiment

calculating these collision strengths using the R-matrix Resonance Ref 9 Present Refs 7,8

method.6
2, 5 2 p 0. 549 0.567; 0. 57 1

We represented the two target states .2s 2P P 6
2s2p n ,. 0. . m C ". - "- "

and 2s2p s by configuration interaction wave
e P 5D 0. 521 0.528 o. ,-" .

functions using the CIV3 program of Hibbert-. The 1s1p66p 0.51 0.519 o.5O-

expansion included the principal 2s-1 -nd Yp-L(L--s,p,o) p 0.1 0..
-

singly excited configurations, plus 
2
s
2
p -

3
s

3
p, 2o - Collision strengths for th- P - 2 rnsition

-2 2-r acltduivteJ 0 10
-p, 3d double electron excitations. We retained the are calculated usino the iAJO' pr,-rar of SaravhI

O
. -

22 _ 32 configurations when optimising the s,3p and References

3d correlation orbitals, as this gave significant
I S Beckwith, N I Evans, A %aitta, i .issell anJ

improvements in the energy and fine structure splitting

of the ground state. To obtain an accurate value for --

the 2po - 2se oscillator strength we optimized an 2 A Hibbert, Comput nhvs --mn 3, Q--l-- ,

additional 4d orbital on the S state. In Table I we 3 0 Sinanoclu, X:l:I !pstruv '.,hods i1b 1 l173).

compare the oscillator strengths derived reom our
- JKn'.sc uti.. .. 'U 9 ''.. in, A. r.- .... ur,,-hy" 37 VZ .k L ...

scattering target wave functions (a) with those from J . ". .3-,

more sophisticated calculations (b) includina !urthr 145(197).

orbitals, with the previous theoretical calculations of 5 D G Irwin, A F (ivincston. and J A Kernahan,

Westhaus and Sinanoglu
3
, and with experiment. Can Phys 31, 194(l<7).

Examination of the convergence of the configuration -. "- -"6 1, .1 Curtis and ,' H Smith, :"h'.' Re% A9, 15!7(1974). " """ - " -

expansion suggests that the experimental values for Nell Re A9, 1537(1974). C..

may be too low. 7 M . Esteva and C. Mehlmin, Ap J 193, 7-7(19741.

TABLE 1 8 (,' C Martin and R Zaluba. 1 Phvs 'hem Ref Data 9,
20(1980).

Theory

9 D Petrini and F Kaslahr, .1 Phvs Bl,, 45'lflQR).
Ref 3 Present (a) Present (b)

Nell: Length 0.073 0.090 0.095 10 4 E Saraph, (Uor'put 'h-s ( mun - Q7).

Velocity 0.091 0.090 O".0Q.

MgIV: Length 0.081 0.089 0.087

Velocity 0.085 .O89-

Fxperi7Weot

Ref 4 Ref 5 Ref "

Nell: 0.076 0.008 0.077+0.001 0.0710.014

MgIV: Not Available

Resonances converging on the es p
6  e 

state have

been observed experimentally 'or both Nell and MSg. We

show preliminary values for quantum defects in the

6 1
MgIV 

2
8
2
p np lPO series in Table 2 They are in good

• . ."-" """ ... .""LZZZZ ""-"" "''" "" .. . ." - " ... '"-...........................
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ELECTRON IMPACT EXCITATION-AUTOIONIZATION OF LITHIUM-LIK~E lONS

Defrance P, Rachafi S. and Chantrenne S.

Universit6 Catholique de Louvain, Institut de Physique, Chemin du cyclotron, 2
B1348 Louvain-la-Neuve - BELGIUM

The electron impact excitation-autoionjzation of the -

doubly excited (Is, 2Z, 2Z') states plays an importantr

role for Lithium-like ions. For this process the theory

*(1-2) assumes that the radiative decay of 'autoionizing' . . %. e,
states is negligible for Z JO. On the other hand, . '

* lifetime calculations and plasma ob-ervations has well0.

* established that importance for high Z.

We have estimated the total excitation-autoionization '.C

cross-section oCE) in a way which includes the probability 0.
of auto-ionization and radiative decav.A. and A. respec- -. r .

tively Ai:a i . 1
E is the electron energy and z. (E) is the electron 07, 5

impact excitation cross-section from the ground state to

the particular state i belonging to one of the configo-

rations(Is, 2Z., 22'). It is seen that :m decreases as Z
4  

Z
5  

and Z in

The branching ratio R is definied as the three cases respectively.

R 7(E) The total branching ratio R (Fig. 2) is constant in the
TTT(E) first case, and decreases as Z2 an.' Z in the two

in te cse f Lihiu-lie ios, e ued dta f Cert approximations respectively. This means that relativistic

and Sampson (2) for 7 .(E) obtained in a scaled Coulomb- efct afcssrogy heZdpnneof.
This also indicates that the radiative decay of doubly v

Born approximation.
Valus o A. nd . ae avilale i tw aproxiatins. excited Lithium-like ions is significantly competitive

na irwith autoinnization for Z 7.
In the first one (3) Coulomb wave functic'ns are used in a

Z -expansion 7.ethod. In the second one (4) relativistic

*effects are included and Dirac-Hartree-Slate:- functions References.

are used. For each ion, we have calculated -(E) at its 1. Jakubowicz H. and M!oort-s 0.1.., J1. Phvs. B 14,~

maximum (m Fig. 1). The three curve,! are -- forp.33,(9W

*R=I for all i and Z, -- and -for the data of references 2. Coet t S..!. and Samp c n D.H. ,At . Data, Nuc I . Data

* . 1~3) and (4) respectively. Tb~ 9 .33::,WSl .-
3. Vainshteiri L.A. .ind arnv V .1., At. Data, 'u1

Data Tables 21, p.-.,?)

I - C hen N. H.,* Cr,cann i . cUin. r H.,* Phvs. A.4

[LG ic2n. 18-1,2, ('98!); and 2-. ;1 13: ac

* 20-

* 21\

22

23z
0 10 20 Y



M84 299

ELECTRON IMPACT IONISATION OF Ne

S. Chantrenne, P. Defrance, S. Rachafi, D. Belie* and F. Brouillard

tUniversitg Catholique de Louvain, Institut de Physique, Chemin du cyclotron, 2
B 1348 Louvain-la-Neuve, Belgium

*Institute of Physics, Beograd, Yugoslavia.

. 4e

A measurement of the total ionisation cross section References

for the process

8+ (1) F. Brouillard and P. Defrance (Physics Scripts,
Ne 7++e- - Ne + 2e Vol. T3, 68, 1983).

has eenperormd, uingtheECRsouce o th Unverity (2) F. Defrance, S. Chantrenne, S. Rachafi, D. Belic,
has eenperfrme, uing he CR ourc oftheUnivrsiy D. Gregory. F. Broujillard (2nd ECAMP, Amsterdam,

of Louvain in conjunction with the "animated crossed beam" 1985).

method (ref. 1). (3) B. iakubowicz and D.L. Moores (J. Phys. B At. Mol.
Phys. 14, 3733, 1981).

The beam, extracted by a voltage of a few kilovolt,

Is charge analysed by a wien filter and crossed at 90'

with an electron beam. A magnet subsequently separates

the primary ions from ions in a higher charge state.

The intensities of the ion beam and of the electron beam .

are collected in Faraday cups while the ionisation

products are detected by means of channelplates.

First, results have been obtained for the single ioni-

sation 'f lithium-like ions N 
4
+ and 0~ (ref. 2). In

the same isoelectronic sequence, results have been obtai-

ned for Ne 7+for which experimental data are not availa-

bl-. The figure shows that our results follow rather

*exactly the prediction of .akubowicz who usesthe Coulomb-

*Born approximation without exchange (ref. 3). The exci-

tation-autoionisation structure is clearly resolved and

*the threshold is seen to be very close to the theoretical

value (908.01 eV).

-- JakbowscztBX1
---- Younger

3- -Our result

2 3 5 567 6910 20 30 40

Fig. I

..................................

............................................................... - - - - - - - - - - - -- - - - - - - - - - - -.....

. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . .. .t .. . . .
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IONIZATION OF TJ
+
, Ti

2
+AND Ar

2
' BY ELECTRON IMPACT- "

M 3 Dlserens
4
, M F A Harrison , and A C H Smith -.

Department of Physics and Astronomy, University College London. London WCIE 6BT. U.K. %
++ Culham Laboratory, Abingdon, Oxon, OX14 3DB, U.K. (Euratom/UKAEA Fusion Association) -. -

Within our programme of measurements of electron

impact ionization cross sections relevant to fusion 200 " Figure I

research, we have measured absolutely the cross sections \iL "

for single ionization of Ti', TiZ+, and Ar
2
' in the I \

energy range from threshold to 2000, 2200 and 1250eV .

respectively. "-

.. .

For these measurements the fast crossed beams 
o'"-

technique described by Montague and Harrison' and by

Montague et a1
2 

was used. The target ion energies were

between 2 and 6keV. The ions were generated in a I,,

sputter ion source and consequently the cross sections -~ -- ".

". presented represent ionization from an unknown distri- .

bution ground and metastable excited states. Neverthe- 10 20 0 500 C000 .. .-

Electron energy (eV)
less the measured cross sections are of practical .- . --

relevance because impurity ions in a fusion plasma are r ,O . .. ..

formed in a similar manner to those extracted from our " Figure Z

sputter source. ,o BC41 TII'
100 Muelleretl \\Ti

*  
Tt1

+

'..,Naw' \

In figure I the cross section for Ti
+ 
- Ti is 

compared with the cross sections calculated by means 80 .
1. x

of the semi-empirical L'tz formula
3
tiL) and the scaled- 'E *\ -

Born approximation of lcGuire'tH. The fair agreement II
0 \

of the LUtz cross section is fortuitous since excitation- 60 .

autoionization is not correctly included in the formula ,, / ." e .

and clearly forms a large contribution in this case. 40 i/.

The observed autoionization threshold at 31eV sunnests "

that the excitation-au'toionization process is / N

Ti' (3p
6

3d
2 
4 & Ti

+ 
(3p3d

2 
4s nl, -Ti"

+ 
(3p

6
3d

2
l 'e 20 1II

where nl = 3d.4s or 4p.

In figure 2 our measured cross section for Ti
2

. 00 50 100 200 500 1000 2000

Ti is compared with the measurements of Hueller et al. Electron energy (eV)

The small discrepancy in magnitude and the small REFERENCES

additional peak below the main threshold in the latter i. lontague R C and Harrison H F A. 3. Phys. B

case are probably symptoms of different metastable 16, 3045 (1993)

state populations in target beams. The semi-empirical
2. Montague R C, Harrison H F A and Smith A C H,

formula of Burgess and Chidichimo
6
, which ,icludes the J. Phys. B 17, 3295 (1954)

" contribution of excitation-autoionization. rather
3. Lotz W, 2. Phys. 220, 466 (1969)

over-estimates the magnitude, while the L~tz formula

is in poor agreement. 4. McCuire EJ, Phys. Rev. A 16, 73 (1977)

Our measured cross section for ArO+ r Ar
2

' Js5. ueller D W. lorgan T 3, Dunn G H. Gregory D C '.-
and Crandall D H, Abstracts 13ICPEAC. Berlin . . .

larger than that of liller et al and -5% smaller 1993. p204

than that of Mueller et al' over most of the energy 6. Burgess A and Chidichimo H C, Mon. Hot. R. Astr. - "

range. Soc. 203. 1296 1953)

7. [uller A. Salzborn E, Frodl R, Becker R. klein H

One of us (HJD) was in receipt of a SEHC-CASE and Winter H. 3. Phys. B 13, 1577 (ISo)

Postgraduate Studentship when this research was performed. * ork performed at Culham Laboratory

%...* . r . ."V .•t. f .. - .- - ,
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".- SINGLE AND MULTIPLE IONIZATION OF MULTIPLY CHARGED IONS BY ELECTRON IMPACT

*° A.MUller, K.Tinschert, Ch. Achenbach, E.Salzborn

R.Becker*, and M.S.Pindzola
+  

'

Institut fur Kernphysik, Universitat Giessen, 0-6300 Giessen, West Germany .-. -..

*Institut fur Angewandte Physik, Universitat Frankfurt, D-6000 Frankfurt, West Germany

+Atomic Theory Group, Physics Division, Oak Ridge. Nat. Lab. Oak Ridge, Tenn. 37830, U.S.A.

Employing an improved crossed-beams technique based ) '+''B ..

on the 'animated-beams method' first described by De- ,-l %-T-"-
france et al. cross sections for electron impact ioni- 2

zation of multiply charged ions for electron energies

from threshold to 1000 eV have been measured. This alter- E

native technique does not require a separate measurement 1 Z /.-
of these-cal led form factor and since both beams are 1 0"-';°

always 'on' background pressure modulation effects can- f .,,

not occur. To assure the reliability of the applied ex- .

perimental technique several test measurements were per- 10 20 50 RO 200 500 1000 " .o
f r e2 . ELECTRON ENERGY(eV) -

formed .1

Ionization measurements performed include cross sec- b) Bi

tions o for electron impact double ionization of 8+ q'q+

Ar (q 1,4) ions
3
. In both cases contributions of

L-shell ionization-autoionization could be identified. 6.

Calculations based on semiempirical and semiclassical 4. -
theories were made to compare the relative strengths of
direct double ionization and inner-shell ionization with b 2 ooo

subsequent autoionization. Obviously direct double I - ,o@ * o-

ionization decreases rapidly with increasing charge 0 100 ,5 100050 100 200 500 1000" '" " '

state, while the contribution of L-shell ionization- ELECTRON ENERGY{eV)

autoionization nearly remains constant. Thus o4 6 for
4+Ar ions is almost completelydominated by the indirect Fig. i: Electron impact single and double ionization cross

L-shell contribution above 350 eV. sections for Bismuth ions. (a) closed circles, experi-
mental a,,open circles, experimental 2,,solid curve, ..-..

* An extraordinary behavior of the cross section a qq+1 ena 01,2; opncrls eprmna 02,3; soi cuve
wasobextredin or the+ 4q s 1, ion At 01.2calculated from the Lotz formula with contributionswas observed for Sb

q  
and Bi

q  
(q = 1,2) ions

. 
At °1.2

".'* energies greater than 200 eV the cross sections for Sb
2+  

from 6p and 6s subshells; dashed curve, 023 calculated
1 (4d 1

s
2
5p) and Bi

2 +
(5d

l O
6s

2
6p) (Fig. 1)0 02,3, are from the Lotz formula

5 
with contributions from 6p, 6s and

larger than the corresponding cross sections, 01,2, for 1d subshells. (b) closed circles, experimental 0i,3; open

. Sb
1+ 

and Bi
I+ 

ions, respectively. This behavior is a circles, experimental 02,4; triangles, experimental3,5;

consequence of the effect that the 4d(5d) hole configu- dashed curve, direct double ionization cross section

ration goes from autoionizing to bound when the charge 01,3 calculated from binary encounter theory
6
; solid

state of the Sb(Bi) ions is increased from +1 to +2. curve, total calculated o,3 including the indirect 5d

The collision strength of the 4d (5d) subshell missing ionization-autoionization contribution.

. in the cross section zI,2 for single ionization can be References

found in the cross section 01,3 for double ionization 1. P.Defrance, F. Brouillard, W.Claeys, G.van Wassenhove, -.-. --

which as a result attains very large values. J.Phys.B: At.Mol.Phys. 14, 103 (1981) . . "-

Furthermore,measurements of electron impact single 2. A.MUller, K.Huber, K.Tinschert, R.Becker and E.

and multiple ionization of Kr
q  

(q = 1,2,3,4) ions have Salzborn, J. Phys. B. in print

been performed. Some general trends concerning the con- 3 A.MUller, K.Tinschert, C.Achenbach, R.Becker and
E.Salzborn, J.Phys.B, in print

tributions of direct and indirect ionization processes 4 .Sa TibhetCA.ehah.Eainrpr..-. ~4. A.MUller, K.Tinschert, C.Achenbach, E.Salzborn, R. "- i-"'
- could be extracted

could be extracted Becker and M.S.Pindzola, Phys.Rev.Lett.54, 414 (1985) '-"" '
5. W.Lotz, Z.Physik 216, 241 (1968)

6. M.Gryzinski, Phys.Rev. 138 A, 336 (1965)

.- - .- - .- - .. -. -... -. . . - -. - . -. -"-" I. . . - - - . - . . ...- . . -



L302M8
ELECTRON IMPACT EXCITATION OF~ r*8 ..-

A. Z. Msezane,+ J. Lee,+ R. J. W. H-enry,"~ and K. J. Reed*

++LusaaSaeUiestBtnRouge, LA .

enry wr Lawrence Liemr ainlLboaoy nvriyo California, Livermore, CA

performed to obtain electron colsorssscino Z22'2i

sections were computed for electron impact energies 2,22p33
* ranging from near threshold to 10 keV.__

Spectral lines due to oxygen-like krypton have been t~~~

osreinlaboratory plasmas and may be useful for -80''1P1

proeofplasma diagnostics. Accurate electron collision

cross sections are reurd for interpretation of
spetrscoicdata obtaint from the plasmas. Calculation

of electron impact excitation cross sections for some2

trasitonsin0-like Kr have been reported. 2  We have 01-I h23s
exeddteearlier work to include more of the transitions F*i2,p3

fron th ground state 2p 4 (3 ~e) to levels arising from the F( 2 2201 'P - S

n =2 adn= 3 excited states of the ion. Ise have also

retained the 2p 4 (1D e) and 2p 4 (I Se) states together with the 0 2,20Pe

* 2 p 4 3 e) state in order to investigate the effect of coupling 109 200 400 600 800 i000 I--

k
2 

l3Ryd)* between the terms of the ground state configuration.

Hartree-Fock orbitals of Clemeti and Roetti 3 were FICiLKE I. Excitation cross sections for 0-like Kr
used as a starting point for the Is, 2s, and 2p orbitals of the (2s 2 2p4)3Pc -

target ion. The Program C1V3 4 was used to generate the

excited 3s, 3p, 3d, 4s, 4Ip, 4d and 5s orbitals. These orbitals ernc
were used to construct configurRtion-interaction type wave

* ~~~functions after extensive investigation of the effects of C.I. I .htg ta. IR148 et 94
upon oscillator strengths and energy levels of the target 2. A. /_. .\isezane, J. Lee, K. J. iN. itenry and tK. J.

states Toe rogra NIEMReed, 5th Topical Conf~erence ott Atomic Processes .stts h rormNEOwas useo to solve the resulting in High Temmperaturm Plasmais, Asiloimiar, (.'A (1985).
49 integro-differential equations.

3. E. cienienti td~ Roetti, Atomic uatai arn
Nuclear Data boles L, 177 (197.4).

*This work was performed under the auspices of the 4. X lir~ert, ( uJmput. Ps.(Vom~mun. 9J, 141 (1531
* LU. S. Department of Energy by Lawrence Livermore 5. R. J. %. hlenir S. P'. twumtree, wid L. Rt. wiitn, ..-National Laboratory under contract No. W-7405-Eng-48. C*0l[. Pt'S 2-;. 233 (L981).*. ,

IF.

. ........ . . . . . .
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MEASUREMENTS OF CROSS SECTION FOR SINGLE AND DOUBLE IONIZATION FOR Na
+ , 

K
+ 
AND Ba '". *

T.Hirayama, K.Oda, Y.Morikawa, T.Ono, Y.Ikezaki, S.Kobayashi, T.Takayanagi, K.Wakiya and H.Suzuki t

Department of Physics, Sophia University, Kioicho 7-1, Chiyoda-ku, Tokyo 102 JAPAN • _

Cross section data for electron-ion collision pro- believed to be indirect ionization processes due to exci-

cesses can provide important informations in the study of tation-autoionization. ( ,Jwa;

high temperature plasmas relevant to the thermonuclear Results for double ionization cross section of Na.

fusion and astrophysics. We have measured ionization and K
+ 

are shown in Fig.3 together with results of the

cross sections for Na
+
, K

4 
and Ba

+ 
by electron impact other alkali ions8

-
.0) In the results of K

4
, there is an

using the crossed beam technique. evidence of structure around impact energy 350 eV. L- L -

The experimental apparatus, techniques and condi- shell ionization potential of neutral potassium atom is

11)tions used for these measurements are the same as de- about 310 eV (2p electron) and 390 eV (2s electron)
I I )

scribed by Hirayama et al.
I 2

) except for Ba
+ 

ion source. Inner shell ionization potential of K
+ 

ion is not so far

A compact surface ionization type ion source designed by from these values, therefore this structure is attributed

Sakai et al. is used to obtain Ba ions. to the contribution from the L-shell lonization-auto-

Results for single ionization cross section of Na
+  

ionization (Auger effect).

and K are shown in Fig.l and Fig.2 with the experimental Measurements of ionization cross section of Ba
+ 

are

results of Hooper et al. 4) and Peart et al. 5), and semi- now in progress.

6)
empirical Lotz formula . Our results are in good agree- REFERENCES

ment with the previous data within the experimental un- 1. T.Hirayama, K.Oda, T.Ono, Y.Morikawa, K.Wakiya and
certainties. In the results of K*, our data show more H.Suzuki, Abstracts of Contributed Papers, XIlIth -

ICPEAC (Berlin, 1983) pp.201
rapid rise near the threshold than the Lotz calculation. 2. T.Hirayama, K.Oda, Y.Morikawa, T.Ono, Y.Ikezaki,
There exist some autoionizing states above 5.28 eV (I- T.Takayanagi, K.Wakiya and H.Suzuki, to appear in J.

Phys.Soc.Jpn. (1985)
electron excitation) and 11.29 eV (2-electron excitation) 3. Y.Sakai, I.Katsumata and T.Oshio, Jpn.J.Appl.Phys.
above the ionization potential of K

+ 
ion 

7 )
, which are 22 1048 (1983)

designat-d tv arrows in Fig.2. Therefore this feature is 4. J.W.Hooper, W.C.Lineberger and F.M.Bacon, Phys.Rev.
desinated w i g2141 165 (1966)

5. B.?eart and K.T.Dolder, J.Phys. B1 240 (1968)

*5.36 W.Lotz, Z.Phys. 216 241 (1968) a ak

7. H.Aizawa, K.Wakiya, H.Suzuki, F.Koike and F.Sasaki,
J.Phys.B (1985) in press.

*8. B.Peart and K.T.Dolder, J.Phys. 82 1169 (1969)
2.0 9. D.W.Hughes and R.K.Feeney, Phys.Rev. A23 2241 (1981)

2 0 10. D.R.Hertling, R.K.Feeney, D.W.Hughes and E.Sayle II
1- J.Appl.Phys. 53 5427 (1982)
w .I 11. Roothaan-Hartree-Fock calculation by E.Clementi and

C.Roetti, Atomic Data and Nuclear Data Tables 14 177
) )1974) ..

IMPACT ENERGY eV) is.
Fig.•. S. ,llfg . .nzati.n .ross sertion of Na

+
. Open circle

- present, cross - Hooper et al.
4 )

, triangle - Peart et + + + *4

a>. full curve - Lotz calculation (This curve is multi-* Ail
plied Fo reproduce the experimental results.) j .

a 15.9 3 A ....

' + 's VIM

--- 0 0

.10.

IMPACT ENERGY CoY) IMPACT ENERGT (*Y)
Fig.'. A4,ngI4- ,c ,,n cross aCtion of K+. Simbols are Fig.3. Double ionizltion cross section of alkali ions.

*the sass as in Fig.l. Arrows represent the autoionization Li
4 

- Peart et a1.8), Na+,K - present, Rb
4  

Hughes et
thresholds. (See text) al.

9
), Cs - Hertling et a1.10)
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DISTORTED-WAVE CROSS SECTIONS FOR ELECTRON-ILPACTIONIZATION OF THE LITHIUM-LIKE IOY S,.....

R.I.Cmpeanu, L.Nagy

Department of Physics,University of Cluj-Napoca,Romania r-

-.. _.'.-

In the last few years the electron-impact Table 1 contains our scaled cross sec-

ionization of atomic ions received great tions at the relative impact energy u=Ei/I=

attention,especially in connection with fusion 2.25 (I is the ionization energy), where the

plasma studies. Beam measurements1 and elabo- effect of the electron exchange is maximum.

rate calculations2 '3 were employed recently For N IV our model DWEI is in perfect ,

by Bell et a14 to compile recommanded cross agreement with the recommandation4 based on

sections and rates for light ions. the accurate measurements of Crandall et al" "

From the existing theories the distorted In the case of 0 VI our DUE models agree

wave method of Younger is extremely attractive, better with the experiment-based recommanda-

as it produces quite reliable data at low tion4 than any other theory,but we should

computing cost, and this in spite of an also note the large error bars for this mea-

"unphysical" inclusion of the electron ex- surement.

change5 . In the present paper we investigate For C IV the experiment gives too low

two new ways of including the exchange in the cross sections4 and our model DWEI agrees

distorted-wave approximation. best with the sophisticated calculation of

We obtain the exchange scattering amplitude Jakubowicz and Mooreslg

g by employing the standard definition For B III the model DNEI is again in

g(EeEf) = f(Ef,E e ) (1) very good agreement with the recommandation . .
C4

where f is the direct scattering amplitude of Bell et a14 .
and Ee and Ef are the energies of the ejected On the other hand, Table I shows clearlye that our model DWE2 gives increasingly bad

and scattered electrons respectively. We de- results as one goes to lower values of Z.

note by DWT the model without exchange, by For 0 VI,where the nuclear field dominates

DWEl the model with the exchange amplitude the distorsion of the electron waves,our two

given by (1) and by DWE2 a variant,also based DWE models yield similar results,but for

on (1), in which from the two emerging elec- B III it becomes obvious that only the co-

trons the one with the higher energy is always rrect account of the electronic potentials

computed in the static potential of the target can give accurate results.

ion, while the slower electron sees the resi- The present data indicate that for

dual ion. From this point of view DWE2 is lithium-like ionic targets our model DWEI

similar to Younger's DWE. produces better results than Younger's D;PE-

at roughly the same computing cost.

Ion I(Ry) DWT DWEl DWE2 Ref3 Ref2 Ref4

B II 2.780 1.91 1.66 2.51 - - 1.65 References
1. D.H.Crandall,R.A.Phaneuf,B.E.Hasselquist,JC I V 4 .7 4 2 1 .9 9 1 .8 0 2 .0 7 1 .7 4 1 .8 3 1 .7 4 D .C . -'. .C o y O R !..° " 7 2 0 n . h y 2

N V 7.182 2.04 1.86 2.02 1.82 - 1.86 D.C.Gregory,OL-T2-7020 and J.Phys.B 12,
* 0 VI 10.156 2.10 1.93 1.97 1.84 - 1.98 I L249(1979)2. I!.da-kubowicz,D..:oores,J.Phys.B3 

14,3733

(1981)
Table 2. Scaled total cross sections ul2Q 3. S.M.Younger, Phys.Rev.A 22,111(1980)

(in units of 4a.RY2 ) for elec- 4. K.L.Bell,H.B.Gilbody,J.G.Hughes,A.E.Kirg-

tron-impact ionization of lithium ston,'.J.Smith, J.Phys.Chem.Ref.Data 12,

like ions at u=2.25 No.4(1984)

5. M.R.C.McDowell, Ato:ic ,*.? Lolecular T ,y-

sics of Controlled Thermonuclear usion.

(eds.C.J.Jouchain,D. E.'ost),Plenun,193

.. . .. . . .•. %...=.
.. . . . . . . . . . .. . . . . . . .. . ,- ...
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THE ATOMIC DATABANK AT BELFAST AND DARESBURY

K.M. Aggarwal and K.A. Berrington

Department of Applied Mathematics and Theoretical Physics,

The Queen's University of Belfast,
Belfast BT7 INN, Northern Ireland.

A database to collect, store and display numerical Table 1 Contents of Belfast and Daresbury Atomic -

atonic data has been ieveloped at the Queen's University Databank on March 1, 1985. .,. o .

of Belfast in collaboration with the Daresbury Laboratory Sequence tons

of UK/SERC. The database stores data for collision H H I, He II, Li III, C VI, Ne X, Si XIV,

processes such as electron-atom/ion excitation, Ar XVIII, Fe XXVI.-

ionization, photoionization and free-free transitions. He He I, Li II, Be III, B IV, C V, 0 VII,

The database is divided in two parts. The first part Ne IX, Mg XI, Si XII, S XV, Ar XVll, Ca XIX,

holds basic collision data such as reactance matrices Ti XXI, Cr XXIII, Fe XXV, Ni XXVII, Zn XXIX, r

which come directly from large computer codes such as Se XXXIII, Kr XXXV, Mo XLI, Cd XLVII, Xe LIII,

RMATRX and I:FACT.These data are bulky and are required Gd LXIII, W LXXIII.

in machine readable form, and hence are not appropriate Li Li I, Be II, C IV, N V, 0 VI, Ne VIII, Mg X,

for publication in scientific journals but it is still Si XII, AR XVI, CA XVIII, Ti XX, Cr XXII,

necessary to store the data for further processing, such Mn XXIII, Fe XXIV, Zn XXVIII, Kr XXXIV, Mo XL,

as computations of collision cross sections, rate Xe LII, Gd LXII 1 LXXII.

coefficients, resonance analysis, angular distribution Be C It, N IV, 0 V, Ne VII, Mg IX, Si XI, S XIII,

etc. The second part of the database stores the data at Ar XV Ca XVII, Ti XIX, Cr XXI, Mn XXII

a more processed level. This is mainly for collision Fe XXIII, Ni XXV, Zn XXVII, Kr XXXIII,

cross sections and rate coefficients and comes from three

sources: (i) from processing the basic data stored in the B C II, N 111, 0 IV, Ne VI, Si X, S XII, Mn XXI,
first part of the database; (ii) from the literature; and Fe XXII Mo XXXVIII. ""-

(iii) from recommendations of specialists (both C C 1, N 11, 0 111, Ne V. Mg VII, Si IX, S XI,

theoreticians and experimentalists). Such recommended
Ca XV, MIn XX, Fe XXI.

data often involve some manouverin- of primary data such
N N 1, 0 11, Ne IV, Na V, Mg VI, Si VIII, Ca XIV,

as taking combinations of two or more sets of data in
Mn XIX, Fe XX.

different energy regions for the same transition, use of 0 01NeIaI'MVAVSVII.. ~ ~ 0 1. \,e III, Na IV, Mg V, AZ VI, Si VII, .. ...

scaling laws and interpolation/extrapolation etc. both Ca XIII, Mn XVIII, Fe XIX.

parts of the database are stored on demountable disks and F Ne II, Na III, Mg IV, AZ V, Si VI, Mn XVII,

tapes and in two locations, i.e. at Belfast and Daresbury. Fe XVIII.

Potential users are invited to contact the authors for - " -Mg -,-Ne Na II, Mg III, A; IV, Fe XVII. " '' -

further information on access. The present paper Na Na I, Mg II, Si IV, S VI, Ar VIII, Ca X,Ti XII,

concerns the data stored in the second part of the
Fe XVI, Zn X, Kr XXVI, Mo XXXII. . -

database. Mg Mg I, AL II, Si III, S V, Fe XV, Mo XXXI.
Excitation rate coefficients as a function of AL Si II, S IV, CZ. V, Ar VI, Fe XIV.

electron temperature are currently stored for over 100 A; Si I, S IV, CZ V, Ar V .Fe 
".V-

Si Si 1, S III, Cc IV, Ar V.
ions in the databank. A complete list of ions for which

P S II, Ci III, Ar IV, K V.
data are stored is given in Table I. These data are

S C; 11, Ar III, K IV, Ca V, Fe XI.
primarily from the published literature. However, for

the majority of the ions the data are published in the A Ar I, F IX
Ar Ar 1, Fe IX put "

form of collision strengths instead of the rate . .
K K 1, Ca 11, Fe VIII.

coefficients. These are calculated from the available C. Fe VII.

data for as many as 5 different sources for each ion and ... ...

are compared with one another. The rate coefficients References

are collected and calculated for as many as 190 %...

transitions for an ion and are both in LS and inter- 1) K.M. Aggarwal, Mon. Not. R. Astr. Soc. 202, 15P
(1983).

mediate coupling schemes. The comparisons as well as
2) K.M. Aggarwal, A.E. Kingston and N.R.C. McDowell.

the recommended values in both the numerical and Astrophys. J. 278, 874 (1984). . .'.

graphical forms, together with a complete list of -.

references will be available during the conference.

..................................................................................................................................
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DIELECTRONIC RECOMBINATION MEASUREMENTS OF P4+, S5+, AND C16+

P. F. Dittner, S. Datz, P. D. Miller, and P. L. Pepmiller

Oak Ridge National Laboratory,* Oak Ridge, TN 37831 USA .

Dielectronic recombination (DR) via 3s-3p excitation not magnitude) as our Cl
6+ 

data. This f(Vr) was used to S.

in the Na-like ions P4+, S5
+
, and Cl

6+ 
has been measured, convolute the calculated rate for P'+ and S5+ and was

The DR process investigated for these ions is found to be a reasonable fit to the data for these ions

Aq+(Ne,3s) + e - [A(q.
'
)+ (Ne,3p;n,1)]** as well (see Fig. 1). Data for the three ions indicate

* a higher cross section than the calculation which assumes[A(q'l)+(Ne,3s;n, )* + hv, "

no field in the interaction region (lower curve in Fig.where Ne represents the neon core (1s
2
,2s

2
,2p

6
), n and X 1), but a lower cross section than the calculation which

are the quantum numbers of the captured electron, and v assumes complete Stark mixing of the n,k states (upper

is the frequency of the emitted radiation due to the curve in Fig. 1). - ..

3p-3s relaxation. A merged beam approach' was used to

take advantage of our ability to produre high charge

state, MeV/amu ions, and a high current, high energy '2

electron beam. The merged beam apparatus is constructed . s"," )
such that in the interaction region, the ion beam

(-0.5-mm dia.) is coaxial with and embedded within the

electron beam (-3-mm dia.) for a distance of 84 cm. 9-m-

We observed the amount of electron capture attending

the passage of the ions through the electron beam as a -

function of relative energy which is varied by changing

the ion energy. After exiting the interaction region,

the ion beam is subjected to charge state analysis using 'E -

electrostatic deflection field of -4 kV/cm. The A
q+ 

is
deflected into a Faraday cup and ions that have picked

up an electron, A(q
'1 )+

, are deflected onto a solid-state

position-sensitive detector, allowing them to be counted.

The A
(q

-1)+ ions are due to signal, the sought-after

DR, and background due to electron pickup from the '- I
residual gas or slit edge scattering. To measure the

pure background level (- 5X signal), we modulated the

electron energy such that the relative energy, Er, alter- "-..-"

nated between 0 < Er = El I 1.5Em and Er = E2 > 1.5Em,

where Em is the 3p-3s transition energy. This energy.'- .- -.- '2' ?,

modulation was accomplished by applying an 11-Hz square

wave voltage to an 8-mm diameter cylinder which surrounds

the electron beam. Since no DR signal is expected above FIGURE 1. DR rates <Vr-> for S 
+ 

vs. relative energy.

Em , one can subtract the A2(q')+ rate (Er = E2) from the Our results (0) compared to calculations (Ref. 2); no ". -.
Al(q-

l
)+ rate (Er = EI), at the same ion energy, to field-lower curve, complete Stark mixing-upDer curve.

extract the signal. The ratio, Rs : iAI(q-l)+ -- ""f. -enc.
q References " -. ""

A2 (q-l)+)/Aq+ at an ion velocity, vi, is related to the

DR cross section, o(Vr) by * Research sponsored by tne j.S. Departinent )f Energy,
Division of 3asic Energy Sciences jnder Contact No.

Rs = (PeL/vi) vr'(Vr) f(vr)dvr = ('eL!vi) <Vrl> OE-AC'5-341n2143) with martin Ma'ietta Energy
Systems, Inc.

where Pe is the electron density, L is the length of the

interaction region, vr is the relative velocity, and 1. P. F. Dl~tner, ')dtz, P. D. Miller, C. U. Moa,
P. H. Stelso, C. tiottcher, W. i. Dress, G. 9. Alton,

f(vr) is the relative velocity distribution function. and ' . 'IesKOvI , Phys. ev. Lett. 51, 31-34 11983).

Although we cannot determine f(vr) independently, 2 D. Griffin, M. Pindzola, and C Rottcher, 'The Effect
we constructed an f(vr) such that a fold of the theoreti- of External Electric Fields on the Dielectroni:

cally calculated rate
2 

for C16
+ 
had the same shape (but Recombination Cross Section of Li- and a-like )ons,

UR'IL/TM-947l, April 1985.

.. .. .
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FINAL RYDBERG STATE DISTRIBUTION FROM DIELECTRONIC RECOM4BINATION

D. Mueller, A. MOller, C. Timmer, D. S. Beli6, B. D. DePaola, N. DJurie, and G. H. Dunn*

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 80309 USA

Serious disagreements between theory and experi- separate the ion and product Rydberg atom beams. The

ments for dielectronic recombination (DR) have been re- product Rydberg atoms continue into a region with
ported. 

1- 4  
It has been recognized for some time that electric field in the x-z plane and given by Et . %

mixing of angular momentum states by such mechanisms as V/(0R), where -V volts are applied to plane plates at 41 --

ollisions, 
5 

plasma microfields,
6 

and magnetic fields
7  

an angle 28 with respect to each other and R is the

may affect DR. More recently, in an effort to ration- distance from the apex of the wedge. Because the

alize the above-mentioned experiment-theory dilemma, field changes with z, Rydberg atoms with different

the effects of extrinsic electric fields have been nf are field ionized at different values of z. ,lec-

treated.
8- 10  

It has been found that angular momentum trons (or ions) are detected on a position sensitive

mixing by the external fields can in effect add many detector, and by varying V the cross section versus

participating resonances to the collision, thus leading nf can be measured over the range 18 nf 55.

to a substantial enhancement of the cross section. The resulting curve has a maximum near nf - 33,

This also results In a strong dependence of cross sec- and the sum aT - rnf an is consistent with the total
tion versus n, where n is the principle quantum number cross section 

2 
us

cosscinpreviously reported uIng a coincidence
of the Rydberg state of the product particle, technique. %

To more fully understand the DR process, we have Similar work on DR for Li
+ 

is in progress, and

continued experiments on Mg+(3s) + e M Mg(3p,nt) +will be discussed.

Mg(3s,nX) + hv. Measurements have now been made and
This work was supported in part by the Office of

are reported here of cross section versus nf for two
Fusion Energy. U. S. Department of Energy.

different values of electric field in the collision re-

gion, and of cross section versus electron energy for

the small nf range 32 < nf 35. Here nf is defined References

operationally in terms of the field Ei at which the 1. J. B. A. Mitchell, C. T. Ng, J. L. Foraud, D. P.

.
8
/Ei aLevac, R. E. Mitchell, A. Sen, D. B. Miko and

state field Ionizes by nf - (3.2 1 /4, and is J. Wm. McGowan, Phys. Rev. Lett. 50, 335 (1983).
close to -- but not identical to -- the principal 2. D. S. Belie, G. H. Dunn, T. J. Morgan, D. W.

Mueller and C. Timmer Phys. Rev. Lett. 50, 339
quantum number n. (1983).

24 + 3. P. F. Dittner, S. Datz, P. D. Miller, C. D.
A 2 keV mass analyzed beam (-300 nA) of gress,

traveling in the z direction intersects a magnetically G. D. Alton and N. Negkovi6, Phys. Rev. Lett. 51,31 (1983).,'. ..
confined (0.02 or 0.0065 T, x direction) beam of elec- 4. J. F. Williams, Phys. Rev. A 2q, 2q36 (1984).

trons (2 mm x 4 mm, 15 oA). In the collision region 5. A. Burgess and H. P. Summers, Astrophys. J. 157,
1007 (1969).

the colliding ions see an effective electric field 6. V. L. Jacobs, J. Davis and P. C. Kepple, Phvs.
Ec - vxB in the y direction. This field and an Rev. Lett. 37, 1390 (1976).

7. W. A. Huber and C. Bottcher, J. Phys. R 13, L3qq
applied field a few centimeters down beam serve to (1980).

8. K. LaGattuta and Y. Hahn, Phys. Rev. Lett. 51,
558 (1983).

9. A. P. Hickman, J. Phys. B 17, LI0 (1984).
*Staff Member, Quantum Physics Division, National 10. D. C. Griffin, M. S. Pindzola and C. Bottcher, . -.

private communication (1985).
Bureau of Standards.
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THEORETICAL CALCULATIONS OF ELECTRIC FIELD EFFECTS ON

DIELECTRONIC RECOMBINATION BY MATRIX DIAGONALIZATION

D. C. Griffin , M. S. Pindzola and C. Bottcher

Atomic Physics for Fusion Group, Physics Division, ..

Oak Ridge National Laboratory, Oak Ridge, TN 37831

External electric fields can have a pronounced

effect on dielectronic recombination cross sections.

They not only can field ionize high Rydberg states, U_4f'_

but they can also cause a redistribution of the angular

momentum among the doubly-excited, intermediate states

which may significantly enhance the total dielectronic

recombination cross section. This field enhancement

has been demonstrated by a number of approximate theo-

retical calculations.
1
,
2
.
3 
However, all of these employ-

ed some variation of the configuration-average approxi-

mation, and they do not properly take into account the

field mixing between individual levels within the

doubly-excited configurations that are populated during

the recombination process.

We will present the results of intermediate-

coupled calculations of dielectronic recombination

cross sections associated with the 2s-2p excitation in

several Li l',e ions and the 3s-3p excitation in

several Na like ions in the presence of an external

electri, field. The eigenvectors for the doubly-"-"-

excited, intermediate states, were determined in these

calculations by diagonalizing a Hamiltonian which in-

cludes the internal electrostatic and spin-orbit terms

as well as the Stark matrix elements. However, only

doubly-excited configurations with the same principal

quantum number n for the Rydberg electron were included

in a given matrix, so that the effects of field induced

n mixing were neglected.

The variation of the cross sections with the exter-

nal electric field will be presented as a function of

principal quantum number and electron energy, and the

results of the calculations will be compared with recent

crossed electron-ion beam measurements of the dielec-

tronic recombination cross sections.

Permanent address: Department of Physics, Rollins

College, Winter Park, Florida 32789.

+Permanent address: Department of Physics, Auburn
University, Auburn, Alabama 36849.

1. V. L. Jacobs, J. Davis, and P. C. Kepple, Phys.

Rev. Lett. 37, 1390 (1976). , -
2. K. LaGattuta and Y. Hahn, Phys. Rev. Lett. 51,

558 (1983). '. .
3. D. C. Griffin, M. S. Pindzola and C. Bottcher

Oak Ridge National Laboratory Technical Report
TM 9478 (1985).
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DIkL.CTKONIC RECOHi INATION OF" Mg+ -...

A. P. Rickman

Chemical Physics Laboratory, SRI International, Menlo Park, CA 94025 USA

Tdere has been considerable interest in the LaGattuta and Hahn
2 

is due to our use of more accurate i.... %

dielectronic recombination (DER) of the magnesium ion, autoionization rates for L;-5.

We conclude that it is very important to include
all the distinct autoionization rates that may contri-

bute to the recombination. Because of a saturation

A discrepancy arose because the first measurements' effect, the contribution of a manifold of degenerate

turned out to be about a factor of five larger than the autoionizing states is limited. However, if these

earlier calculations of LaGattuta and Hahn 
2 .  

states are split by fine structure, each state may

Subsequently, Lagattuta and Hn suggested that small contribute separately, and the total cross section may

electric fields (< 24 volts/cm) present in the experi- increase. Thus the splitting of several zeroth order
ment would make the cross sections an order of magni- states that has been attributed to external fields is

tude larger. The present work shows that a more de- already present to some degree in the zero field

tailed calculatior of DER in the field-free limit also case. Our results indicate that the zero field case
,s Ou r-ut i c ." t

leads to signiificantly larger cross sections. The in- should be treated as thorougly as possible before

crease occurs because we include the fine structure of introducing external fields. --

the ionic core, and also use more accurate autoioni- T w a p d N y .
This work was supported by NSF Physics.

zation rates for states of large angular momenta.

To include fine structure, it is convenient to use 0.16

the pair coupling scheme
4 

for the angular momenta. j Belic et al.
---- LaGattuta and Hahn-"'. ."--"'

Then the orbital and spin angular momenta of the inci- 0.14 - a'"t.u--'and .ahn

dent electron are X and a; the orbital and spin angular Present Calculations

momenta of the Mg+ valence electron are t, and t, and 0.12 - With Fine Structure
+.i .T.+.. and.=i+ . One then expres- Without Fine Structu e

i i i 010 - - .
ses the autoionization rates of the core-excited z0.1

Rydberg states Mg(3pj ;nj) in terms of the auto- .0.
i W0.0

ionization rates of the states Mg(3p;nl) calculated in .--

LS coupling. Making the further approximation, valid 0 006

0.0
for large L, that the rates are independent of the spin cc

of the Rydberg electron, one obtains 0.04

A* L~~~ . .- . ..

K( I St i i 2 L 0.02
r ;n) - (2J +1)L ) (3p;n) I

I I .1:

The autoionization rates have been evaluated by 34 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

using Multichannel Quantum Defect Theory to extrapo- ELECTRON ENERGY (eV)

late scattering calculations performed above the thres- References

hold for electron impact excitation of Mg+(3s.3p), 1. D. S. Belic, G. H. Dunn, T. J. Morgan, D. W.

to the Rydberg series of autojonization states below Mueller, and C. Timmer, Phys. Rev. Lett. 50, 339

Using 6 (1983).
thtrehoh approximation 2. K. LaGattuta and Y. Hahn, J. Phys. B 15, 2101

and evaluating certain integrals using the method of (1982).
3. K. LaGattuta and Y. Hahn, Phys. Rev. Lett. 51, 558 . . -

reference 7, the rates may be obtained analytically. (1983).
4. H. E. Saraph and M. J. Seaton, Phil. Trans. 271, 1

Results are shown in the figure. The present cal- (1971).-

culatton is more than a factor of two larger than the 5. M. J. Seaton, Rep. Prog. Phys. 46, 167 (1983). .' .'
6. M. J. Seaton and P. J. Storey, in Atomic Processes

previous calculation of LaGattuta and There is and Applications (North Holland, 1976)

about 30% difference between the peak values of the re- 7. A. Burgess, D. G. Hummer, and J. A. Tully, Phil.
Trans. 266A, 225 (1970).

sults with and without fine structure. The difference

between the dotted curve and the dashed curve of

............... ,.............
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ANGULAR DEPENDENCE OF DIELECTRONIC RECOMBINATION CROSS SECTIONS

K. J. LaGattuta

Department of Physics, University of Connecticut, Storrs, CT 06268 USA

1+
Past calculations of dielectronic recombination Preliminary results for Mg

l
, with an applied .... •

total cross sections (0 R), for singly charged electric field of magnitude 24 V/cm in the interaction ,. -.
target ions

1
'
2
, have compared poorly with the results region, show changes in 0,DR of e50%, when both

of recent crossed beam coincidence measurements and 0e are varied; i. e. , this is the difference

The experimental ,DR is now known to be ,'5 (Mg1+ ) between the maximum and minimum 0.DR values. ,
to -10 (Ca 1+) times larger than the theory, for these -

ions. By contrast, calculations of a'
DR 

for few times This work was supported in part by the US DOE

charged ions have compared more favorably with References
results of merged beam noncoincidence experiments 1. K. LaGattuta and Y. Hahn, J. Phys. B15, 2101 (1982)

It has been suggested that electric field induced 2. I. Nasser and Y. Hahn, Phys. Rev. A30, 1558 (1984)

mixing
7 

of high Rydberg states levels, in the 3. D. Belic et al, Phys. Rev. Lett. 50, 339 (1983). -

interaction region, could be responsible for the 4. J. Williams, Phys. Rev. A29, 2936 (1984)

enhancement of measured O
"DR 

values. One expects 5. D. McLaughlin and Y. Hahn, Phys. Rev. A27, 1389
that such mixing should occur most readily in the (1983)

lowest charge state, Z = 1, but detailed Z dependent 6. P. Dittner et al, Phys. Rev. Lett. 51, 31 (1983) ,

calculations are still lacking. Meanwhile, other 7. K. LaCattuta and Y. Hahn, Phys. Rev. Lett. 51,
558 (1983)

possibilities may exist. 58(93);'

In this context, it is worth pointing out that

the coincidence data was accumulated at fixed geometry;

i. e., the outgoing stabilizing photon was detected

at fixed angle with respect to the incoming electron

beam. Further, in the Mgl+ experiment, both the

electron beam and the stabilizing photon made fixed

angles with respect to the direction of the static

electric field which existed in the interaction

region. Hence, these data may reflect an angular

dependence, while the total 0 
R 

values, of course,

do not.

*For select ions, we shall calculate 0D

differential in %, the angle made by the outgoing

stabilizing photon with a space fixed direction, and " '.

dependent on photon polarization. The space fixed

direction will be either the electron beam axis or, *.

when there is an applied electric field, the direction

of this field. In the latter case, explicit dependence

of ,DR on the angle made by the incoming electron

beam, 9 , and the space fixed axis will be included.

The isolated resonance approximation will be invoked

in a single-configuration, no-coupling, distorted- "

wave formalism.

-. *** * *-* * ~ - - ~ ~ *~ - . .. .• ,. . .
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.IELEcVHUNIc RECOMBIIATION SATELLITE TH1JCTURE OF
LITHIUM-LIKE IONS*

L. J. ,loszinan and Al. W. Weiss

National 6ureau of Standards

(iaitnersourg, Maryland 2U899

* me totadl rate or ulelectrunic recoitiination is Intensities depend on tne ojelectronic capture

ri ly11 iyaortant fir ijdel Imain tn e ionization (autoionization) rate as wellI as thle radiative rate '
'Da a nt e in nighl teiderat ire plasm as. -owever, thlis and thlese nave been computed in tne conventional

reco ij i ia i on proceis aliso gives rise to spectral 'isolIated resonance' approximation as a function of
*lines 4'n1 :11 are u,3ul-l ly satel litic to lines of tne temperature, we also inivestigate, for selected cases,

'~on- T4 ion, no ninci are often useful fir dim. 0 - the competition between direct radiative recombination%
nos-ic purdoses, and oielectronic recoinoinaition, by including tihe

conerent interference between oielectronic and direct
we naq c-arriei Out calculations of tile dielec. matrix elements.

t cron4  recoIoIia t ion i nes for tile proces s v A

and e + Te2'3  i.e. tile recombination of litniunf-like *Tnis worK was supported in part by tiie Department
ions to fo)r.:li ery1 hun-l iKe ions. In particular, we of Enerly, OJffice of Magnetic Fusion Energy.

-cncentrate on tne Ansj transitions wilere tne

principal 4uantum nunier cnanje is 3 - 2. Tile bound Keferences

o oroitd I oasis was computed in tne rartree-Fock ap-
*proximation. Thle dielectronic and bound state wave 1. A. H. Gabri el and C . Jordan, Nature 221, 941
*funct ion calIculIati ons tiense Ives i ncl uded allI intra- (1969) .
*complex configuration interaction as well as Paul i 2.A. H. ianri el, Mon . Not . Rloy. Astron . Soc . 16U,

approxinati on relIati vi sti c correcti ons , i e . inter- 99 (1972).

medi ate coupling. Tile continuum functions were

- computed in tne distorted wave approximation using tne

semiclassical approximation for exchlange withl thle ion

core.

Wavelengthls were estimated by referring tile cal-
* culated energy levels to tile relevant levels of the

* litniun-like ion, a procedure wnichl we expect to comn-

pensate for most of tile residual correlation and

rel ativistic errors. 1' 2 Unfortunately, configuration

* interaction and inter-nediate coupling sometimes snake

tis procedure ambiguous. Wiile selection was always

lade on tile basis of dominant configurations, in these

Cases we expect our accuracy to oe somewnat degraded.

We snould note thlat strong configuration mixing also
leads to a nauober of transitions whlichl are iiot satel-

I litic to any transition in tile Li-like ion. For

i nstance, tile transi tion 3s2 -2s3p is made al lowed by
configuration interaction but cannot be construed as a

lithium-liKe satellite.

..... .... .... ....

~~r ..... . .. .
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DIABATIC STATES OF THE H2 MOLECULE FOR THE DESCRIPTION OF .

H + e, H- + H
+
, and H(ls) + H(n;.) COLLISIONS

P. Quadrelli and K. Dressler 
P

Physical Chemistry Laboratory, ETH-Zentrum, CH-8092 Zurich, Switzerland

The properties of the excited states of the H2 mole-

cule are related to the cross sections of a variety of 
% .

collision processes involving as initial or final states /,/

the systems H + e, H- + H
+
, and H(ls) + H(nc). I Xoi

For the first three excited Z+ states of H2 accurate

ab initio wavefunctions, electronic energy curves and -

nonadiabatic coupling functions are available in the 3s

adiabatic electronic basis, covering a wide range of in- oo G,-'

ternuclear distances R.1 In order to solve the coupled

oscillator problem for the vibrationally bound excited + F

states in a nonadiabatic representation, the electronic 100000 2s (2,)2

states are transformed into a diabatic electronic basis
2 6 U 2 4 6 Ou.

which is defined by zero dynamical coupling at all R

values and by the unit transformation matrix for R - ' FIGURE 2a. Fitted FIGURE 2b. Ab initio (+) and

(Fig. Ia). Comparison between theory and experiment shows diabatic energies fitted adiabatic energies

that the resulting nuclear dynamical energies of the

bound states are accurate within a few cm for the Using the fitted adiabatic energy curves (Fig. 2b)

lowest levels and within 50 cm for the levels involving we can simulate the diabatizing transformation which was

the largest nuclear kinetic energy. applied to the three ab initio adiabatic states (Fig. Ia)

Nevertheless the ab initio diabatic states gene- by selecting only the lowest three of the diagonalized

rated by this definition have no resemblance with the electronic states and their dynamical coupling functions:

diabatic states needed in the description of, e.g., The diabatic states generated by back transformation of

dissociative recombination H+ + e - H(ls) + H(2s,2p). We this artificial adiabatic basis of dimension three . - -
2+

have constructed a diabatic basis (Fig. 2a) similar to (Fig. lb) differ greatly from the corresponding ones in
2

the one discussed by Hazi, Derkits and Bardsley by the original set (Fig. 2a), but they are qualitatively

fitting the lowest three of the diagonalized adiabatic similar to the diabatic curves generated from the ab

energy curves (Fig. 2b) to the corresponding ab initio initio data (Fig. la).

electronic energies of the EF, GK, and H g states in We conclude that (i) a small number of accurately
g

the interval R=l-6 au. known adiabatic electronic states with associated coup-

Sling functions suffices for an adequate description of

the vibrationally bound states, 0{ii) empirically chosen

diabatic electronic states ray ,_ useful for calculations

.1W cm-] of collision cross sections, (iii) simultaneos accurate

1 .3 descriptions of tne virationally bound states and of

.2 GI. the collision processes which taKe place in the energy

1.2 continuur above - ls , r12.) r equire a, electronic oasis

/ of large dimension csver, if the in ividual electronic
I wavefunctions arc very accurate.

EF

1.0 keferences

213.05e 1. L, olnieoicz and J.le J 'Ir 'ys. " -2 3 4 5 R(au( 6 "' --
(1985, in press).

2. A. I - azi, [. L rkits, jrnd J.h.. jar sl~ay, Pnys , L. v."."- ., ."

FIGURE Ia. Ab initio FIGURE lb. F itted
I 2 7, 1751 19C>3-

diabatic (solid) and adiabatic (dashed) energies. 75

! . . . . . .... . . . ....
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THE DETERMINATION OF INTERNAL ENERGIES OF MOLECULAR IONS
FROM ELECTRON IMPACT DISSOCIATION MEASUREMENTS

J.B.A. Mitchell, H. Hus*, and R. Janssen*-

Department of Physics, The University of Western Ontario,

London, Ontario, Canada N6A 3K7

Permanent Address: Dept. de Physique, Universite Catholique de Louvain,

Louvain-la-Neuve, Belgium.
±Permanent Address: Technical University, Eindhoven, The Netherlands.

The dissociative recombination of molecular ions These measurements will be discussed in more detail.

with electrons is influenced strongly in some cases by t_ .w ,

the initial excitation state of the recombining ion. Reference

Indeed for certain ions, a change of a few tenths of an 1. .. B.A. Mitchell and H. Hus. J. Phys. B 18, 547, 1985

2. J.B.A. Mitchell, C.T. Ng, L. Forand, R. Janssen and
eV of internal energy can lead to a change in the J. Wa. McGowan. J. Phys. B 17, L909, 1984.

reaction cross section of several orders of magnitude.

This situation occurs when the potential energy curve

for the neutral dissociating state does not intersect . .

the ion state in the vicinity of the ground vibrational

level. Such is believed to be the case for H 2+, H,+,

HeH+ and He2
+
. For other ions the effects of vibrational

excitation are less well understood.

The Merged Electron-Ion Beam Experiment (MEIBE) at

UWO has been used recently for measurements of the dis-

sociative recombination of CO
+ (
l) and H3+

(
2). In such

studies it is important that the internal energy of the

molecular ions is well characterized. The ions in this

experiment are produced in a radiofrequency ion source

mounted in the terminal of a Van de Craaff accelerator.

Electron impact dissociation cross sections were

measured as a function of centre of mass energy for both

ions. This process involves an electronic transition

from the bound ground state of the ion to a higher re-

pulsive state and so it exhibits a threshold, the energy

of which depends on the internal energy of the initial

ions. A Franck-Condon analysis of the ionization of CO

to form CO
+ 

was performed and the relative populations

of the vibrational levels of the CO
+ 

ions used in the

experiment were calculated.

This analysi; predicted that vibrational states up

to v = 10 should be populated in "the beam. This was LAC.

confirmed by the measurement of the threshold for CO+

dissociation.

11
+ 

is formed indirectly by the reaction:

H2
+ 

+ H 2 - Hi+ + H

and so the vibrational population of the ions cannot be

estimated from Franck-Condon considerations. Measure-

ments of the electron impact dissociation reactions:

e + H3 * H + H2+ + e

H + H + H+ + e

have allowed a direct determination of the internal

energy of the H3+ ions to be made. Preliminary studies "W -

indicate that the r.f. source under normal operating

conditions produces H 3+ ions which are very excited

... ........... ..
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THE POPULATION DISTRIBUTIONS AMONG THE EXCITED LEVELS OF .' . ,"

HYDROGEN-LIKE IONS IN THERMAL PLASMAS

R.J. Hutcheonl, N.N. Ljepojevic
2
, S. Volont4

3
, R.W.P. McWhirter

4

The Nuclear Development Corporation, Pretoria, South Africa
2 The Institute of Physics, Belgrade, Yugoslavia
3 The University de Mons, Mons, Belgium ?.Y "
4 The Rutherford Appleton Laboratory, Oxfordshire, United Kingdom

For hydrogen-like ions of nuclear charge greater the usual collisional-radiative ionization and recom- - ,

than about 10 their main resonance lines (Lymana bination coefficients are calculated and a selection

". llnes) are sufficiently narrow from a range of emitt- of these are compared with some earlier results. " s F

ing plasma conditions that the two components can be Finally some experimental data is reviewed and

separately resolved spectroscopically. They have been compared with the predictions of the calculation.

observed from the solar atmosphere, tokamak plasmas

used in fusion research and from laser produced pias-

mas. In most cases their intensity ratio is about

0.5 as would be expected for a statistical population

distribution between the 2p
2
P1 /2 and 2p

2
P3/2 levels.

However there is evidence that significant departures

from the 0.5 statistical ratio do occur and it is the

purpose of the work reported in this paper to carry _

out a calculation to explore the circumstances and

processes where such departures could take place.

We have done a collisional-radiative calculation

where we have taken account of the usual radiative

decay processes and electron-collision induced tran- . -

sitions between the principal quantum levels up to n

50 where the sub-levels (l,j) are asumed to be relativ-

ely staatically populated down to level n - 5. For

levels n = 2, 3 and 4 separate account is taken of the

(n,l,j) sub-levels including in particular the effect

of collisional-transitions induced by electrons and

ions where the principal quantum number does not change

(An = 0 collisions). It is these An = 0 collisions

that are largely responsible for the departures of the

population of the sub-levels from their statistical

* distribrutions. For those transitions induced by ion

collision we have included the possibility that var-

ious ions of any charge or mass be present in order to

cover solar plasmas, fusion plasmas as well as laser

* produced plasmas. For ions of nuclear charge greater

than about 15 the helium-like satellite lines in the

neighborhood of the Lymana lines need also to be

taken into account. We show how these satellites

modify the apparent intensity ratio of the components

' of the Lymana doublet. Results are presented for a

wide range of ions and plasma conditions.

The calculation is also capable of predicting

the intensity distributions among other multiplets of

hydrogen-like ions such as the Hell A 1640A Balmer mul-

-- tlplet for which we also present results. In addition

- .......

.. .
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ELECTRON-ION RECOMBINATION STUDIES OF CADMIUM

R K Thareja and A Khare

Department of Physics, Indian Institute of Technology,Kanpur-208016,India

-,..0 Tort.
Preliminary experimental investigation of structure. X*-* -

the effect of inert gases, in our case helium, 1"

at various pressures on the intensity of Cd I

and Cd II transitions is presented. X

A high voltage, high current pulse is used rt
*to produce the cadmium plasma. The plasma

*expsnds at low pressure and recombines to

produce the population in the next lower ioni-

zation stage. The visible spectrum was recor- 0 X--'

* ded on an ordinary film, using a three prism

spectrograph (Carl Zeiss). In addition to the Torr

earlier report we have observed the follow- 6"5 Tor r
ing cadmium transitions in the presence of

helium gas at a pressure of 15 Torr.

Cd 1 (632.5 nm); 5d 
2
D -4f Cd II(533.7nm);

3/2 I

Cd 1 (508.5 nm); 5d 2 4 1 3 5 7 9
D 5/2 F 3/2 Z(mm) " -

Fig.l The variation of line intensity of the
Cd II (502.5 nm); 5d 2 z 4

/2 /2 transitions at 533.7 nm and 53718 nm

Cd Il (488.1 nm; Cd 1 (467.8 in the presence of helium gas and the
distance from the metal surface. The

A strong dependence of the intensity of the discharge parameters are: Caoacitor

emitted spectrum on pressure of background gas charging voltage = 14.25 K•, total

is observed, indicating electron-ion recom- storage capacitance = 0.166 F.

bination in the expanding plasma. An extensive

study on the recombination behavior of the

transition at 537.8 nm and 533.7 nm, laser The project is partially financed by
Department of Science and T-ehnology, New Delhi.

transitions is reported. The variation of

line intensity as a function of helium pressure

and distance from the metal surface is shown References

in Fig.(1). It is observed that at certain 1. S Goldsmith, S Shalev, R L Boxman Physics

critical pressure ,v2.6 Torr of helium, the DE 13 (1980)

intensity is maximum. The enhancement of the 2 0 R Wood II and W T Silfvast, J. de Phys

intensity implies that probably the density of C-9-439, 29 (1980)

plasma at this point satisfies the conditions 3 W T Silfvast, L H Szeto and 0 R Wood II
3

for recombination laser . The results are in Opt. Lett. 7, 34 (1982)

agreement with the experimental observations 4 W T Silfvast, L H Szeto and 0 R Wood I'
4on a similar system for IR transitions .Apl. Phys. Lett. 36, 615 (1980) -

In addition, it is observed that at a

pressure of 5.8 Torr of helium, the emitted

cadmium spectrum is weak. The work is in

preliminary stages and needs further investiga-

tions. These studies will be helpful in

optimizing the conditions for plasma recombina-

tion laser having the similar electrode

... .." " " " ""'" " . .. '" " ""." - "".. . ." ".. . . . . . . . . . . . . . . . . . :. . . ..: . . . . . . . . .:::::::
... ,..• .-....-. ~~~~... .............. .............. ::::: . : ::...-:: -.:. . .:::
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DISSOCIATIVE RECOMBINATION OF H BY
COLLISIONS WITH SLOW ELECTROAS

Hidekazu Takagi and Hiroki Nakamura I -

Physics Lab., School of Medicine, Kitasato Univ., Sagamihara, Kanagawa 228, Japan
*Division of Theoretical Studies, Institute for Molecular Science, Okazaki 444, Japan k .

I. Introduction two-step MQDT treatment was found to be small. In

The title process via the resonance respect to the magnitude of the cross sections there

state is studied by the multichannel quantum defect still remains, unfortunately, a discrepancy between

theory (MQDT). Our analysis is different from that of the present result and the experiment. As a byproduct,

Giusti et all mainly in two respects: the values of we have also obtained the d-wave partial cross sections

the quantum defect and the two-step MQDT treatment. for vibrational excitation of H
+
.

The main purpose of this work is to investigate the ." "" "
Fig.? I..

effect of these differences on the cross sections. . -.

II. Method

The basic information necessary for the MQDT

treatment is the potential energy curve Ed(R) of the prsn

dissociative state, the width r(R) of this state, and ..

E
the quantum defect p(R). These quantities are obtained

from our previous calculations of the elastic scatter- S /-

ing of electrons from H2. The quantum defect p(R) is

obtained by subtracting the resonance contribution G i.usti et al (1/10)

from the total do-wave phase shift and is fitted by a _ -
I0 23 31 . . °

Pad4 approximant. The values are shown in Fig.l in 1n 2 3 d

Internuclear dis-a-ce R(aJ,
comparison with those used by Giust et al. Their

quantum defect seems to be a little too large and

incorrect. In the actual calculations of the cross

sections we have followed the procedure formulated by 1:present,

3
Seaton. The basic quantity in this treatment is 2:ex)perhent Fig.2

i~2 ~i- 1  
too~oc3:Giusli el al

co 9 cc ,\ 2
where the suffix o(c) indicates the open(closed)

channel. The matrices , and are the same as those

in ref.l. The advantage of this Seaton's procedure

consists in the fact that the unitarity of the scatter- 5.
"

ing matrix is simply guaranteed by the symmetry of the u_____

matrix . ,0 .

III. Results 59 . . .

The calculated cross sections are shown in Fig.2. Ee y(,v)

The number of channels included and the convolution

procedure to obtain the smoothed cross sections are References . .

the same as in ref.l. Our results agree with the 1. A. Giusti-Suzor, J.N. Bardsley, and D.C. Derkits,
eprmn

4  
Phys. Rev. A28, 6%82 (1983).."""' "

experiment in respect to the general energy dependence 2 h. Rv. a8- Na2 .
2. H1. Takagi and H. Nakamura, Phys. Rev. A27, 1 91%

at low energies. Especially the position of the first (1983).

dip at E 
= 

0.1eV agrees with the experiment better than 3. M.J. Seaton, Rep. Proq. Phys. 46, 167 (1W 3).
4. D. Auerbach et al, J. Phys. B10, 1797 (1977).

that of Giusti et al. This better agreement is -- EEI-'
attributed to the effect of the proper quantum defect

employed here. The effect of the difference in the

.7- .-. - .-. ,

:" ... ..... " . -: . ............. . ................

"... ... .. ,.""-".. . ... '.... . ..... . ... ;...."-..-. ..... .. .".....''"'.-... .
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THE THEORY OF THE COLLI SIONS OF POSITROtIS %1TH ALkAL I -ATOlMS AID ALkA IL lulls . --

H. A. Ahdel-Raouf
Achalm Strafe 1 3. 740r Msinqfn, 14est-Cermanv

It is well known that alkali atoms and alkali- - 2(a
2

_ P.(kq a
2 

+ a'
4  

+
kep ft

like ions are quantum mechanical systems of ex- nqq.~

tremely high polarizahilities and that their +Vm+k2(k2+1)(Ju -' + " A A\ % V

•-ollisions with positrons are at least two-rh- a1 I q T o - r
annel croblems in which both elastic and rear- ju jv us U uv

:angement crocesses take place even if the scat- .. - 1 q -1 +
tering energies are zero. This fact makesit re- I L)J iu2 ps . .

aso.al, in any treatment of these croblems, to 
q  - J - )')r

-7: sider frozen core models for the targets and us

assu
m
e that the total collisional cross-section: Considering the partial wave expansions of the

are oredominated by elastic and positronium scattering wave functions of the elastic and rs-

formation cross-sections to a wide region of arrangement channels the couled static treat-

incident energies. An excellent approximation, ment provides us with the courled integro-dif-

nowever.can be obtained by switching on the ferential eQuations
2

volarization potential of the first channel. {d
2
/dx

2
-Q(.+1)/x

2
+(cq)

2
}fq(x) Vq(x)fq(x) +

7he one valence-electron model of the target q g
2 

(vx)Aq(y) dy (4)

has the total Hamiltonian, (Rydberg units are 0 12

2 se) 2Zq 2 Zliq - e f + Vq(r/. I, : . I ' x . ' .- V - ' .
S r r of

2  
y) ' 2 
x"fq(x) d-(5

h q  
is 

2 
-h ffv char (1) 2he 2 1nucleu

-r ff is the effetive charge of the nucleus where x is the position vector of the rositron

nius the core of the target, i.e Z rff relative to the nucleus of th. target., and y is

qXis the number of core lectrons. For neutral defined by y=l(r+x), 1 and K1 aretho couleri

atoms 1qff 1. for alkali-like ions of one po- kernels of the first and semrd ctsnn,,ls. U
2

(x)sit re car * ie12 + 20C+3+ 56+ =

* amve charge, i.e. i-g Ca+, Sr 5 Ba is the static potential nvlu: by

an() 7 A-= 2 and fo, A

frc:. 5B (2+)7tc 1 0 e(7+) Zeff
2
,3 .... 7. uq(x) 

Z
1 1 ,s s 1  s

7h.- core notentials V
q 

are defined by a' ex (-a
2 

x)(T '){1 + (q
q 22q .1 ps

S( (., 1 ,)()-l2x'L L (cp; T'
S i I r-r i I r -

Mq m + 2(: " 1, - - i)/:< (6,) - -- ,-' ["

"x .... -A%:
41. ~et' > are

A
q 
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NEW THEORY OF THE ANNIHILITION PARAMETER FOR e ATOM (MOLECULE) SYSTEMS.

E. Ficocelli VarracChio

Department of Chemistry, University of Bari, Via Amendola 173,
70126 Bari, ITALY.

The effective number of annihilition electrons ton, that completely neglects correlation effects in the

in e - atom (molecule) systems, is defined by the motion of the pair. Correlation effects are fully con- '-'.' %-

integral tained in the second term on the r.h.s., involving the

% ,) " (1) functional derivate of the optical potential.

vhose evaluation characteristically requires a knowledge Details of the formalism and explicit numerical ap-
N%-

of K , > full system wave function. In the spi- plications to the e - H system will be illustrated at .

fit of a recent approach to the problem of e' - atom the Conference.

(molecule) collisions, we wish to reformulate the matrix References

element (1) in the language of Field Theoretic (FT) 1. E. Ficocelli Vanracchio, Ann. Phys., (N.Y.) 145, 131

Green's functions. The formal advantage of the FT for- (1983).

mulation derives from the fact that the final apmlitudes

involved will depend on a smaller number of coordinates,

than the full system wave function. Such an aspect

Should, therefore, make them more readily amenable to

numerical calculations.

By using the FT approach it is not difficult to

show that the knowledge of Z , in (1), can be completely
a

reduced to the determination of the following two-parti-

cle propagator

K 9,) 7,Y) ' (2) "- -- : '°

t 1t
where ) and t' are the destruction (creation)

field operators for the electron and positron, respecti- % %

vely, T is Wick's time ordering operator (see Ref. [11

for more details) and I-iN> represents the target sta-

te wave function. The amplitude in (2) describes the

f ly correlated motion of a positron-electron pair and,

in the present FT formalis, it is the quantity in terms

of which the annihilition parameter can be completely

expressed.

It can be shown that the K apmlitudes, in (2),

obeys the following (Bethe-Salpeter) equation

where A and S are the one-particle propagators for the

electron and the positron, respectively, while E is an '.-.-'-.. .

"optical potential" of the theory, completely presiding

over elastic scattering processes in the system. The F F

first term on the r.h.s. of (3) ( ] $) represents the -

lowest order (Hartree) approximation to the K propaga-,= = .""

. . .
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POSITRONIUM FORMATION IN D-WAVE POSITRON-HYDROGEN SCATTERING

C.J. Brown and J.W. Humberston

Department of Physics and Astronomy, University College London

The Kohn variational method has been used converged to within 10% of their exact values.

to calculate the d-wave contribution to the However, the convergence is not quite as rapid
elastic scattering and positronium formation as we would wish, most probably because the . -

cross-sections for positrons in collision with results are not yet fully optimised with respect

hydrogen atoms in the Ore gap (the energy to the non-linear parameters in the trial .*
interval between the positronium formation functions.

threshold, 6.8 eV, and the threshold for Also given in the tables are the well

excitation of the n = 2 level of the hydrogen converged s- and p-wave cross-sections obtained
atom, 10.2eV). The general technique and form by the present authors. The present p-wave

of the trial function is very similar to that results are slightly different from those

used by the present authors for s - and p-wave published by Brown and Humberston, having been
scattering (Humberston 1982, 1984; Brown and obtained with an improved choice of values of

Humberston 1984) except that there are now the non-linear parameters which gives much more

short range correlation terms of three sym- rapid covergence with respect to w.

metries. Thus, One of us (C.J.B.) acknowledges the award of

a SERC Research Studentship.
Y (;l ) H(r Ij2(krj)-Ktn2 (krl) [l-expeXrl) _._

Table 1 Elastic scattering cross-sections

t ((in units of -
k(a

1I
) s-wave p-wave d-wave

+2,o(01)r2 - b2, I+ Y2,o(r1';2)rjr 2Tbi 0i.0-" 1 "")"0.4-

0.71 0.026 0.800 0.32

2 Si
+ 2 o ( 2  

r 2 ci2 2 g 0 .7 5 0 .0 4 3 0 .7 2 4 0 .4 1..

7 0.80 0.065 0.622 0.42

2 o ) p sr
3
( ti2 KP)'~ 2n2P~i-exP-0.85 0.086 0.547 0.41

-y 2 .O(;l)4(r2 )k K 2n2 (kr1 -exp(-Arl)j Table 2 Positronium formation cross-sections(in units of iT a
2 )

2Y ( r r e...-, _ '

,i + Y2,o 'r 2 )rlr2  k(a
l
) s-wave p-wave d-wave

2,o
r2)r 

2 i gi 0.71 0.0041 0.027 0.0006
0.75 0.0044 0.365 0.33

where gi exp [I (orI + Sr 2 + yr 3)j
] 

r
k i 

r 2 t i 
r3

m i  
0.80 0.0049 0.482 0.81

The nomenclature is the same as that used previously 0.85 0.0058 0.561 1.10

and the summation over i for each symnetry includes all

terms with
ki + 1i 

+ 
mi " 

" ''''Re ferences

where ki, 1i, mi and w are non-negative integers.

Results have been obtained at four positron Brown C.J. and Hurberston J.W.1984 J.Phys.l:

energies corresponding to k = 0.71, 0.75, 0.80 Atom. Molec. Phys.17 L423 , .•..

and 0.85 (in units of a
1
) for a sequence of

trial functions with w = 1,2,... ,6 (4,10,20,35, Humberston J.W. 1982 Can. J.Phys. 60 591

56 and 84 terms of each symmetry). From the 1984 J.Phys.B: Aton.Molec. ..... --

variation of the results with respect to w we Phys. 17 2353

can be reasonably confident that the cross-

sections given in the tables (with - 6), have

",,."""

. . . . . . .. . . . ~~. . . . . . . . . .

.. . . . . . .. . . . . . . . .
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ELECTRON CAPTURE BY INTERMEDIATE ENERGY POSITRONS FROM ALKALI ATOMS

J. M. Wadehra and Sultana N. Nahar

Department of Physics, Wayne State University, Detroit, Michigan 48202 USA

Alkali atoms are isoelectronic, in the valence the static potential is replaced, for computational

shell, with the hydrogen atom and in most collision pro- ease, by an appropriately chosen pseudopotential. The

cesses it is reasonably accurate to treat alkali atoms cross sections for the process of electron transfer in

as being hydrogenlike. For example, the cross sections alkali atoms are then calculated by using the distorted \',*"-,

for positronium formation in alkali atoms can be wave Born approximation (DWBA) in a manner similar to

obtained by first reducing the alkali atom to a its use for atomic hydrogen. 
1  

.

hydroqenlike system by averaging over the motion of the Figure 1 shows the differential cross sections ..

core electrons. The valence ns electron is then the using the plane wave Born approximation for positronium

only possible actively transferring electron. However, formation in Li for impact energies of 100 eV and 200 eV.

unlike hydrogen, in the case of alkali atoms the process The post-prior discrepancy for this rearrangement process

of positronium formation is exoergic since the is observed to be small. A number of checks on the

ionization potential of all alkali atoms is smaller computer code have been made to ensure its correctness.

than the binding energy of positronium (6.8 eV). The The deep minimum in the differential cross section,

purpose of this study is to investigate the cross arising due to the cancellation of the contributions to

sections for positronium formation by impact of the scattering amplitude from the attractive and

positrons in the intermediate energy range where the repulsive parts of the positron-atom interaction,

Born approximation becomes applicable. appears only in the first Born calculations. - - -

The static potential of the 7on core, as Both differential and total cross sections for Ii .

experienced by either the active electron or the positronium formation in heavier alkali atoms (Na, K,

nrojectile positron, can be most conveniently obtained Cs, Rb) have also been obtained using the DVIBA.

tv integratina over the core electrons using the wave However, for computational economy, the positron-atom

functions of Li+(or Na etc.). In some calculations, interactions for these alkali atoms have been replaced

o by a judicious choice of pseudopotentials.

* + LI - LI + P6(06) This research has been supported by the National

Science Foundation.

10
Reference , .*-,

1. R. Shakeshaft and J. M. Wadehra, Phys. Rev. A22,

10 968 (1980).
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FIGURE I Differential cross sections for positronium..-'.".:..

formation for positron impact energies of . '
100 eV and 200 eV.
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POSITRON- AND ELECTRON-ALKALI (SODIUM AND POTASSIUM) TOTAL CROSS SECTION MEASUREMENTS*

T.S. Stein, C.K. Kwan, R.D. Gomez, Y.-F. Hsieh, W.E. Kauppila, and Y.J. Wan

Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48202, USA

We have set up an experimental system to measure ab- 200'L " Thi--E""'

solute total scattering cross section (QT) values for

positrons and electrons colliding with alkali atoms using o This E"rmn

beam transmission technique. Pror to the present ex- & Srivastav and

periments, T measurements have been reported in the 150 0 osdn et01 (1973.

literature for positrons colliding with only room-temper- .Broe ((929)

ature gases (the inert gases and various molecules). - Walters (1976)
11 0Our positrons are produced by an C source created c 0

by the B(p,n) C reaction using a 4.75 MeV proton beam 100 0

from a Van de Graaff accelerator. Low energy positrons A O
11

emitted by the C source are guided by a curved axial o" •
0J o

magnetic field to our alkali scattering apparatus shown -3 0 0

schematically in Fig. 1. Z. 50 ...

We have recently completed measurements of e -K and

e -K QT values' and have now measured e-Na QT values in

preparation for the corresponding measurements with posi-

0
trons in the same apparatus and using the same technique. 0 20 40 60 80
Our initial e-Na OT measurements are shown in Fig. 2 Energy (eV)

2-45
along with other experimental and theoretical results. FIGURE 2 e--Na total scattering cross sections.

agreement at low energies and the general shapes of
Magnetich ~ie~d Coil, tn~tBrode's Or curves are quite similar to ours over the

entire energy range of overlap for both Na and K,

OputCEM although we have higher values than Brode at the higher
CEM ...

Retarding Main OvenBody energies. Our QT curves differ in shape from those of
emenKasdan et al. with our values being about twice

Z -as large as those of Kasdan et al. at low energies, but

tending to merge with their results at higher energies.

indicate an overall degree of similarity between positron

and electron scattering that has not been observed for

any other target atoms or molecules.

Removable Cylinder
Rwih Nea% er Cold Cap *This work supported by the National Science Foundation.

with Aperture
References

0 2 3 4 scm Thermocouple I. T.S. Stein, R.D. Gomez, C.K. Kwan, Y.-F. Hsieh, and

W.E. Kauppila, to be published.

FIGURE 1 Schematic diagram of alkali scattering system. 2. R.B. Brode, Phys. Rev. 34, 673 (1929).

3. A. Kasdan, T.M. Miller, and B. Bederson, Phys. Rev.

The preliminary indications are that although there are A 8, 1562 (1973).

considerable differences between existing experimental 4. S.K. Srivastava and L. Vuskovic, J. Phys. B 13, 2633

electron QT results for both Na and K, we are observing (1980).

some consistent patterns in these measurements. Our 5. H.R.J. Walters, J. Phys. B 9, 227 (1976).

2
measurements and those of Brode tend to be in good

.. . .o,.*.

. ."'- . .
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POSITRONIUM FOR14ATION IN LOW-ENERGY POSITRON-H- COLLISIONS

Richard J. Drachman

Laboratory for Astronomy and Solar Physlcs, Goddard Space Flight Center, Greenbelt, MD 20771 USA 
j

Positronium (Ps) formation in collisions between We expect eventually to solve the coupled equations

e
+ 

and H- ions is an especially interesting process resulting from the two-state trial function above, but

since it s exothermic and the lowest three levels of Ps in the meantime an estimate of the plausibility of this

can be formed even at zero incident energy. In addi- result can be obtained using a complex quantum-defect " - *

fioh, the Coulomb attraction between the initial pati- method 
.  

To do this, we relate the cross-section to the

cles gives a formation rate that increases like I/v as parameters of the Rydberg resonances in the Ps + H sys-

the incident energy decreases. Because of this attrac- tem
2
. These resonances are produced by the coupling of .,- -

tlion, many partial waves must be retained in the calcu- the Ps + H open channel to the e+H
- 

Coulomb bound states - -*"-

lation even at zero energy. of the closed channel. If we represent the complex

energies of these bound states in terms of quantum de-

fects we can write
We have begun a program to compute the cross-

sections for formation into all the open Ps channels at E(NL) - E(res) - i-- - ,.. .

very low energy, using a series of increasingly accurate (N - u N

approximations. These are based on the two-state trial where P is the quantum defect and is expected to vary

function slowly with N. Using the relation' for the phase shift

- tn we can get an estimate for the complex phase
= F(x)O(rlr 2) + G() + G( 2 ) (P 2 )q(rY)' shift just above threshold in the e

4 
+ H- channel, and

from that can derive a value for the Ps formation cross-
where 0 is the H- wave function, * and ' represent Ps section. The best values for the position and width of

and H respectively, and F and G are the wave functions the lowest s-wave resonance are those of Ho:-
of the incident e+ and the outgoing Pa center of mass.

F(res)--l.205 Ry and r-(5.5±1.8)xl1
- 3 

Ry.

In the simplest approximation, the incident e+
From these we derive the result

moves in a pure Coulomb potential, giving rise at zero . .. ,.,..

energy to Bessel functions for the partial-wave compo- 0.26 * .08 2o a "."-. • .
nents of F: 0 

2  
0,

F L (x) -V(:-) J2L+I(K)'  where we have assumed that the quantum defect is actual-
L kx 2L ly independent of N. This estimate is fairly consistent

and the outgoing Ps atom is in a plane wave state; with our distorted-wave result, and gives us some confi-

exchange is neglected in the final state. This Coulomb- dence In the reasonableness of that approximation.

Born approximation has been shown to give partial cross-

sections in serious violation of the unitarity limits. References

I.M. I. Seaton, Rep. Prog. Phys. 46, 167 (1983).
In the next approximation, the e+ moves in the more -
realistic potential of the frozen H- ion, which is 2.R. J. Drachman and S. K. Houston, Phys. Rev. A 12, 885

realistic poenia of the froen Hev ion whic is5(17)
repulsive at short distances but attractive at large. (1975); Y. K. Ho, Phys. Rev. A 17, 1675 (1978).

Our preliminary result for s-waves is much more reason-

able:

. 0.15 a 2
0 2 o

k

,More complete results in this approximation will be

reported at the Conference.

..........................................-.......-- ..-.-... -....... .
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PARTIAL CROSS SECTIONS FOR POSITRON SCATTERING FROM HELIUM . . .

L. M. Diana * D. L4 Brooks.* S. C. Sharma.* .,

P. G. Colb:man, P. K. Pendleton,* ,
3. E. Seay,* and L. S. Fornari*

• Center for Positron Studies, Department of Physics. University of Texas at

Arlington. Arlington, Texas 76019 USA
* School of Xathematics and Physics. University of East Anglia, Norwich NR4 7TJ,

There has been considerable recent activity in the Similarly, the dashed curve serves as a guide through ..-

measrement of inelastic cross sections for positrons the Qion values from reference 4. This curve indicates

scattered from helium. Total positronium formation that expectations for Qex are about 0.08mao at about

crss sections, Qps, have been reported by both the 100eV increasing to about 0.17-a0 it the neighborhood

Texas-" and the -niversity College London
3 
group. of 200eV. Sueoka

5 
finds Qex to be approximately

S2ea

Diana et al 4 and Sueoka
0 

nave reported total ioniza- 0.065-a 2 at 100eV.. Sueoka's values for Qion' which

tion cross sections, Qion' and Coleman and Hutton
6 

and agree within experimental uncertainty with those

Sueoka
5 

have measured cross sections for the excitation obtained for electron scattering, if used in tnis way,
72

to the ? state. In addition Coleman et al. have would predict Qex ranging from about 0.37 to 0.45-a02

publ ished cross sections for excitation plus ionization between 60 and 100eV.

for positrons scattered into a forward cone of 600

half-angle. References

However, total excitation cross sections, Qex' 1. L. S. Fornari, L. M. Diana, and P. G. Coleman,
Phys. Rev. Lett. 51, 2276 (1983).

have yet to be measured, and it is for this reason, in 2. L. 1'. Diana, S. C.-Sharma, L. S. Fornari, P. G.

part, that a partitioning of the total cross section, 'oleman, P. K. Pendleton. D. L. Brooks. and B. E. -
Seay, in Positron Annihilation -- Proceedings of

Qtot' is of interest. the 7th International Conference on Positron
The result is snoWn in Figure 1. The Q curve Annihilation, Jan. 6-11, 1985, New Delhi, India,

is a smoothed rendition of the available data.
0  

Qel edited by P. C. Jain, R. M. Singru, and K. P.

is extrapolated from below the first inelastic Gopinathan (Norld Scientific Publishing Co. Pte.
Ltd., Singapore, to be published).

threshold to meet calculateo values at about 150eV and 3. X4. Charlton, G. Clark, T. C. Griffitn, and G. R.

above. It is unlikely that this Qe1 is in error by Heyland, J. Phys. B 16, L465 (1983).
4. L. ". Diana, L. S. Fornari, S. 2. Snarma, P. K.

more than :0%; therefore, since Qe1 is ssch a small Pendleton, and P. G. Coleman in Positron Annihila-
part of Qtot between 25 and 250e'.', the consequent tion -- Proceedings of the 7th International Con-

ference or, Positron Annihilation, Jan. 6-11, 1985,
uncertainty in the total inelastic cross section New Delhi, India, edited by P. C. jain, R. V'221 India, edited

" should not exceed a few percent. Q is a smooth -ingru, and K. P. 5opinathan (world Scientific
Publishing Co. Pte. Ltd., Singapore, to e pub-
1 ished).

-" I 5. 0. Sueoka, J, Phys. Soc. Jpn. 51, 3757 .1982). " "
1.4 6. G. Coleman and .T . -.utton, Phys. Res. Lett. ' "

45, 2217 (193).
S. P. . Coleman, J. T. Hutton, D. R. Coos, and C. 4.

1.0 -,hndler, Can. . hys 60, 5S4 19S2). O:s,60.o . . . t a~ppila and T. 1. Stein, Can. J.PnyS. 60,

o.8 - 471 19S2)

0.
0 0.

0.

0.

0.2-

0 so 100 IS0 200 20

POSITRON ENERGY (9V)

FIGURE 1 Partial cross sections for positron-helium
.scattering. See text for discussion.

curve through the data of reference I and a curve to

guide the eye through the plotted data from reference 7

.. ........
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IDNISATIOM OF HELIUM BY POSITRON IMPACT

D. Fromme, W. Raith and G. Sinapius .

Fakultat fur Physik, Universitit Bielefeld, D-,800 Bielefeld, Fed. Rep. of Germany

lonLsatLon of helium by positron impact may be For measurements of a those ions are counted

accomplished by two processes: jonosation by reaching detector 2 with an appropriate delay after

positronium formation (threshold E 17.8 eV; cross detection of a positron by detector 1. The time-delay

* section aPs) and ionisation without simultaneous spectrum is analysed using a time-to-amplitude converter

positronoum formation (threshold E = 24.6 eV; cross and a multichannel analyser. For measurements of

section o ). Knowledge of both Ops and o is 0 "o all the ions reaching detector 2 are counted.
ionP ion PsOion

necessary - in addition to the elastic (o ) and the
el

excitation (a cross sections - for partitioning the

positron total cross section ot into its contributions

and for detailed comparisons with electron cross

sections. However, for both cross sections there is

only insufficient information available up to now: TECrot 2

Measurements were performed for restricted energy ranges In0cExsI

only. Positronium formation cross sections were \, /
measured by two groups

t  
with essentially different

results. The first measurements of Oexo were - - .i - - . ,..[ --

performed by Coleman et al and actually are 7 7q
differential cross sections integrated from 00 to 60

°
.

The results of Sueoka
4  

agree with measurements for - "

Lonisation of helium by electron impact
5
, except for the

lowest energies above threshold. FIGURE I Schematic diagram of the apparatus.

We built up an apparatus which enables measuring of

both, Ops and Oid n  To our knowledge this is the first The construction of the apparatus was finished

* experimental set-up allowing detection of the ions recently. First measurements of helium-ion production
6

' produced by positron impact. The whole apparatus is rates were performed in the ao -mode . They indicate
ion-. - .

surrounded by coils providing a longitudinal magnetic an energy dependence slightly different from electron . -

field of up to 200 G. Positrons are emitted by a lonisation cross sections
5
. At present various tests

22 ~V
Na-source and moderated by an annealed tungsten foil are performed in order to learn about possible

installed obliquely in front of the source. Slow systematic errors.

positrons are accelerated towards the scattering tube.

The scattering tube consists of a 50 cm long narrow REFERENCES

glass tube lined with a spiral of tungsten wire on the 1. M. Charlton, G. Clark, 1. C. Griffith and

inside. The tungsten spiral serves two purposes: It G. R. Heyland, J. Phys. 8 16 (19831 L65

defines the potential of the scattering tube and. by 2. L. S. Fornari. L. M. Diana and P. G. Coleman. . -

Phys. Rev. Lett. 51 11983) 2276
feeding a direct current through the wire, it maintains 3. P. G. Coleman. J. T. Hutton. U. R. Cook and

C. A Chandler. Can. 1. PhyS. 60 (1982) 985 "
a longitudinal electric field inside the tube to extract 4. 0. Sueoka, 3. Phys. Soc. Jpn. 51 (1982) 3757 "- ..- -

the ions produced in e -He collisions. Gas is 5 R. G. Montague. M. F A. Harrison and

c i u sp to t he t md oA, C. H. Smith, ). Phys. B 1? (198) 3Z95 " .
continuously Supplied through two holes in the middle of 6. 0. Fromme. W Raith and G Sinapius. in

the tube and pumped at both ends. Behind the scattering 'Positron Annihilation Prac of 7th ICPA 1995td P. C. Jain. R M Singru and K P Gopinathan
tube the charged particles are accelerated towards the (Singapore: World Scientific) in press

mocrochaniel plate detectors. Positrons and ions are

separated by a crossed electric and magnetic field

(ExB) analyser and reach detectors 1 and 2,

respectively. The velocities of positrons and ions

differ substantially because of their different masses,

. . . . .. . . . . . . . . . . .

%. ..- ..- :.
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POSITRON EXCITATION OF THE 2:P STATE OF HELIUM

R.P. McEachran,* L.A. Parcell+ and A.D. Stauffer- ..j.

Physics Department, York University, Toronto, Canada M3J IP3 '
+ School of Mathematics and Physics, Macquarie University, North Ryde, N.S.W. 2113, Australia

We present results for differential and total

cross sections for the excitation of the 21P state

of helium by positron impact. We use a distorted

wave approximation similar to that employed in our F

earlier calculation of the excitation of the j1S

state.

In the present work there is a long range

contribution to the T-matrix and we discuss some r

novel numerical methods used to accurately evaluate

this contribution.

The main purpose of this calculation is to t. _

provide a theoretical analysis of some recent

experimental measurements.,
3  

Thus we examine the

angular range over which the differential cross

section has an appreciable magnitude. In addition

the relative magnitudes for excitation of the 2'S

and 2
1
P states are presented. An analysis is made

of the various contributions to the experimentally

measured data.

References

1. L.A. Parcell, R.P. McEarhran and A.D. Stauffer,j. Phys. B 16, 4249 (1983).

2. P.G. Coleman, J.T. Hutton, D.R. Cook and C.A. . -
Chandler, Can. J. Phvs. 60, 584 (1932). % -

3. 0. Sueoka, J. Phys. Soc. Jap. 51, 2381 (1982).
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A RELIABLE CALCULATION FOR 21S EXCITATION OF HELIUM ATOM BY POSITRON IMPACT

Rajesh Srivastava, r4ukesh "'umar and A.1N.Tripathi

Department of Physics, University of Roorkee, Roorkee 247667, India- .

Theoretical study on positron impact (Ref.3);- - - Mandal et al (Ref.4);-
excitation (ionization) has become of consi- Coleman et al (Ref.6).
deraable importance particularly due to the %
availability of intense positron beam Accurate wavefunctions of the many parameter
experiments . Among the atomic excitation correlated type5 are employed through the
studies by positron, helium is one of introduction of Fourier transform of inter-
species which has been widely studied

2 - 5 . action potential and consequent follow up of
On the experimental side, Coleman et a1

6  a fitting procedure to obtain a suitable
have measured the total excitation cross-sec- algebric expression for the transition form
tions for IS-21S of helium only in the factor.
near threshold region (23-29-V). For this
excitation, a number of theoretical attempts The details about the theoretical pro-
have been made. Among them the work of cedure and various differential and total
Willis et a12 in close-coupling approximation cross-section results would be presented in
and Paroell et a1

3 and Mandal et a14 in the conference. In table I as well as in
distorted wave approximation are worth figure 1, we have shown some of our results
mentioning. Parcell et al have described along with others. Looking the success of our . - .
the distortion in both the channels and similar approach 8 in e--He scattering, we
included the polarization in final channel believe the present results to be quite
whereas Mandal et a14 have used a version reliable
of distorted wave in which the incident
channel wave function satisfies the Table I Cal ulated cross section
adiabatic equation. (lao) for 11s-21S

One observes that there exists reasonable Energy 5cc 5cc Mandal Parcell Present
differences among the different results eV (i) (ii) et al et al
obtained in various theoretical models. In
general, it has been found that there are
two very common uncertainties involved in 40 5.94-2 2.65-2 3.81-2 3.56-2 3.41-2
evaluating the cross-sections. 60 4.34-2 3.69-2 3.01-2 - - - 2.83-2

(i) The adoption of a theoretical approxi- 80 3.29-2 3.17-2 2.41-2 2.26-2 2.35-2 FIX
mation. 100 2.63-2 2.68-2 2.01-2 1.89-2 1.87-2

(ii) The use of approximate wave function of 200 1.28-2 1.41-2 1.07-2 1.05-2 1.10-2
target as input for explicit evaluation
of the scattering amplitude (in that References
particular model). References

We have carried out a reliable calculation in i. T.S.Stein and W.E.Kaupplia,AdvAt. Aolec.

the distorted wave model where distortion Phys. 10 53(1983).
effects due to polarization and static poten- 2. S.L.Willis, J.Hata, M.R.C.McDowell, C.J.
tials are taken in both the ingoing and out- Joachain and F.W.Byron Jr., J. Phys.
going positron distorted waves. The polariza- B 14 2687(1981).
tion is taken in dipole approximation

7 . 3. L.A.Parcell, R.P.McEacharn and A.D.Stanffer " .

J. Phys. B 16 4249(1983).

4. :andal et al 1985 (Private Communication). T
5. Mukesh Xumar, R.Srivastava and A.N.

Tripathi. VIIth International Conf. on
0.06 ,Positron Annihilation Delhi, Jan.1985,D31.

Sa _6. P.G.Coleman, J.D.McNutt, L.M.Diana and
0.05 .......... J.T.Hutton Phys. Rev. A22 2290(1980).

7. A. Temkin and J.C.Lamkin, Phys. Rev 121
0788 (1961)

8. R.Srivastava, Mukesh Kumar and A.N.Tripathi
0 J. Chem. Phys. (in press) 1985.

0.0

0.0171 23 25 27
0.011 23Energy (eV)

Fig.l 1
1
S-21S excitation cross-section.

present calculation; .... Parcell et al

..-. S6."" " " "" " " -" """" "" " " " """ "' . . .
-

.. . .
"

. ." ".".. . . . . . .".. .""' " " '"" ""." ." ." "" '. 
"

* " " " -""' " '""' 
" "

.. ":"" ' .""' % ". ''"",",'.''"' ." 
' "

"".-. .-. "".-.""". .-. ". ."".-.".. . . . . . . ."."". . " " " " ": " " " "' -" ' -'-



328 W65 L

INTERMEDIATE ENERGY POSITRON (ELECTRON)-ARGON DIFFERENTIAL ELASTIC SCATTERING CROSS SECTION MEASUREMENTS* -

W.E. Kauppila, G.M.A. Hyder, M.S. Dababneh**, Y.-F. Hsieh, C.K. Kwan, and T.S. Stein .*

Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48202 USA

Relative differential cross sections for the

elastic scattering of intermediate energy positrons (and

electrons) by argon atoms are being measured using a
Chorinettrn

crossed-beam setup, which is shown in Figure 1. The Detector 02 %

origin of the slow positron beam (intensity >20,000/sec Collimators

at 100 eV with a FWHN of about 1.5 eV) is a 50 V 7-1

millicurie sodium-22 radioactive source with an annealed Retarding Eiem Len Elements

tungsten cylinder, which serves as a back-scattering sr e-e- ,

moderator for a small fraction of the high energy flf:: ':.
positrons emerging from the source. The atom beam - -FI-ld -

source consists of a multichannel capillary array. In

order to achieve suitable background pressures for Detector ;1

operation of the channeltron detectors for the primary Gas Beam

beam and scattered positrons, differential pumping is

used for the scattering and detector regions, and only

one exit port for the scattered particles is open at a FIGURE 1 Experimental setup. .

time. The retarding element preceding detector #2 is

used to reject any inelastically scattered positrons,

while the collimators restrict the field of view of * This work supported by the National Science Foundation

detector #2 to within 5 of the desired scattering **Present address: Department of Physics, Yarmouk

angle, and the trap (consisting of a stack of University, Irbid, Jordan.

knife-edged plates) diminishes the reflection of

positrons from the scattering chamber wall into detector Reference

#2. Detector #1 is offset from the primary beam 1. A.D. Stauffer and R.P. McEachran, private

direction so that it will not respond to any high energy communication.

positrons that may be coming directly from the sodium-22

source. The retarding element preceding detector #1 is

tuned to maximize transmission of the primary beam

through the scattering chamber and to slow down the .

positrons prior to being electrostatically deflected

toward the channeltron. The relative nature of the 3 3 e

measurements made for the different scattering angles is .- '

achieved by maintaining a constant "head" pressure on

the capillary array atom source (by using an automatic T x
ca 2- This Experiment

pressure controller) and compensating for any changes in _h Mc"-chran
- Stouffer and

the primary beam intensity, which has also been staying

remarkably constant. Special efforts have been made to

minimize stray magnetic fields. Electron measurements

are being made to test the experimental system, since 2 1

they can be compared with other measurements

Our initial differential cross section measurements

for 100 eV positrons elastically scattering from argon 0 - -
0 0

for angles ranging from 30 to 120 are displayed in 0 30 60 90 120

Figure 2 along with the results of a polarized-orbital Scattering Angle (degrees)
approximation calculation by Stauffer and McEachran.

In this figure the present measurements are normalized FIGURE 2 Comparison of experimental and theoretical .'.

to the theory at 45
°
. The relative shape of the differential cross section results for elastic

present results are in good agreement with the theory. scattering of 100 eV positrons by argon.

,..-..-., ...-.- ... ,..-. ... ... . . .. ... . .. . . -. ., . :. . ., - . .. : : . . . - . , : . . , ,..,_., - -: -:-.'-."-"'. -.:. ? ':-". .'> .-- -:j .- -, . -.-..--. , .-:."--1. -.- -'- ".--. . ".-'.-:.-: ,: "- -:-':v . ! .:. :.:.. .." .' .':'':, .2.':.': "-? 7"..'., to
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COMPUTATION OF MOMENTUM TRANSFER AND ANNIHILATION '
CROSS-SECTION OF POSITRONS IN NOBLE GASES

A. S. GHOSH*, P. S, GROVER+ AND K. V. SINHA+

*Department of Theoritical Physics, Indian Association for

Cultivation of Science, Jadavpur, Calcutta - 700 032, INDIA.

+Department of Physics & Astrophysics, University of Delhi,

Delhi - 110 007, INDIA. i, i:

6 %

The interaction of slow positrons, energy less than
positronium formation threshold in noble gases
(H, He, Xe and Kr) have been investigated using the
recent technique developed by Ghosh and Co-workers.
We have computed the positron-atom momentum *-.. -

transfer Cross-section and e annihilation cross-
section for energies varying upto positronium
formation threshold (17. 8 ev for He, 6.7 ev for H, -jwk
7. 2 ev for Kr and 5. 3 ev for Xe). Only elastic
scattering have been considered. The calculation
have been further used to estimate the positron
life time in gases. We have compared our computed
results with the available experimental data. The
details of the calculation and result will be reported
in the conference.

C. -_-A

mr °.°•%2

.- , . .
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A CALCULATION OF THE LOWEST PARTIAL WAVE IN LOW ENERGY POSITRON HYDROGEN MOLECULE SCATTERING

E.A.G. Armour

Department of Mathematics, University of Nottingham, Nottingham NG7 2RD, England 
a.

a. b. c. d. p. b a. d. c.
A generalization of the Kohn method is applied to X i  X ( i W2 ul ua pMcsi¢) +, z uX ua "i'.

Xi~~ ~ ~ 121P M3O(1W X1 2 1 W2

the calculation of an approximation to the lowest partial -1 3  

1  
i > 1

wave in low energy positron hydrogen molecule scattering. -6(1 12 r. . 3  (6)

The calculation is an extension of work already carried where

out on this subject an account has been submitted for [-X 2).4

publication2. 1 3  [ 1)(- ) (7)

The nuclei in the target hydrogen molecule are and o, is the azimuthal angle of electron 1. ai, bi,

taken to be fixed in their equilibrium position with ci, di. pi, r. and s. are non-negative integers chosen

internuclear separation, R = 1.4 bohr. The target so that the tXi} have the E
+ 

symmetry of the lowestg

wavefunction, Y G' is taken to be intermediate in accuracy partial wave. pi was taken to have the values 0 and 1.

between the SCF wavefunction and the very accurate When p. = 1, Xi contains factors like M1 3 cos( 1 - - 3 )
3 1

wavefunction of Kolos and Roothaan • which are of the form

The trial wavefunction, YT' in the generalized Kohn M1 3 cos(01-) 4)=,-(xlx3+yly3) (8)

method is a generalization of the wavefunction used by

4
Massey and Ridley and is of the form in terms of the Cartesian coordinates with origin midway

N between the nuclei and Z axis along the internuclear

*T 03-1) axis. Thus when pi = 1, x i is made up of products of 1

x (-exp[-y( 3 -1) )sinT +a[cosc( 3-1 )(-exp[-y(1-1)) particle functions of G and n symmetry. Up to 64 short

M range correlation functions, of which 32 are of
Scost -sinlc(1 3 -,)}sin T]]'G + gixi (1) electronic symmetry, are used in the calculation.

The parameter, r, in 'T is varied to avoid the

N and y are constants and T, a and {gi
} 
are variable anomalous singularities 5 which can affect the accuracy

parameters. Particles 1 and 2 are the electrons in the of the results of the calculation. The parameters a and

target hydrogen molecule and particle 3 is the incident {gi
} 
are determined by the generalized Kohn method.

positron Results for the phase shift and the associated

contribution to the total cross section are presented
c = JkR (2)c 6and compared with experiment .The contribution [ I -

where k is the wavenumber of the positron in atomic a c r i e m--i o

uanto Zff, the effective number of electrons per hydrogenunits. X3 and the associated coordinate, p,, are theZef "''-."

molecule available to the positron for annihilation, is

*" confocal elliptical (prolate spheroidal) coordinates also calculated and compared with experiment7 -.

r A+r 38
A R References_________

r3A-r3B (4) 1. E.A.G. Armour, J. Phys. B 17, L375 (1984)
= R 2. E.A.G. Armour, submitted to J. Phys. B.

where r3A and r3B are the distances of the positron 3. W. Kolos and C.C.J. Roothaan, Rev. Mod. Phys. 32,

from nuclei A and B, respectively. 219 (1960).

The {xi} are short-range correlation functions to 4. H.S.W. Massey and R.O. Ridley, Proc. Phys. Soc. A69,

take into account the interaction between the positron 659 (1956).

and the hydrogen molecule. 5. C. Schwartz, Ann. Phys.,NY 16, 36 (1961).

N i 6. T.C. Griffith and G.R. Heyland, Phys. Rep. 39,Xl = , , s{c( 3 -l)}{l-exp[-y(1 3 -1)]}exp[-y(1v-1)] ___" "

03-1) 169 (1978).

(5) 7 J.D. NcNutt S.C. Sharma and R.D. Brisbon, Phys. Rev.

and A20 347 (1979).

7.,,

,.- -o-.•- . -. o--.

_, "o°O "o.. ......-.. . . .
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b640
A CALCULATION OF THE LOWEST E

4 
PARTIAL WAVE IN LOW ENERGY POSITRON HYDROGEN MOLECULE SCATTERING

E.A.G. Armour and D.J. Baker

Department of Mathematics, University of Nottingham, Nottingham NG7 2RD, England l~-ll

The generalization of the Kohn method, which has The remaining x.) are of the same form as in the -.. '"

previously been applied to the calculation of an previous calculation except that the indices are - .
a p p r o x i m a t i o n t o t h e l o w e s t ( E + ) p a r t i a l w a v e 

l 2  
i s c h s e s t h t h e f n i o s a e o 

+ 
S y m m e t r y . A. % ° . %

applied to the calculation of an approximation to the similar number of short range correlation functions, of

lowest partial wave of E
+ 
symmetry. both E

+ 
and f1 electronic symmetries, are used as in the

u

The nuclei in the target hydrogen molecule are previous calculation.

taken to be fixed in their equilibrium position with The parameter, t, in ' T is once again used to

internuclear separation, R= 1.4 bohr. The target wave- avoid anomalous singularities
4 

and the parameters a and

function, TG' used in the calculation is intermediate in {g i determined by the generalized Kohn method. The

accuracy between the SCF wavefunction and the very results for the phase shift and associated contribution

-accurate wavefunction of Ko~os and Roothaa
3
. to the total cross section enable a more realistic

The trial wavefunction, T, in the generalized Kohn comparison to be made with experiment than was possible
T' 2

method is taken to be of the form earlier . The contribution to Zeff, the effective

number of electrons per hydrogen molecule available tol'"n T = Nl i(X OCOS - 0( A) (1-exp - Y (X -1)l sin r.-

T the positron for annihilation, is also calculated to see

+a[0Q2(X3)(1-expl-y(X3-)])cos r- 01(3i)sin 'ii] if it becomes significant in the energy range below the -.- .

M positronium formation threshold at 8.63eV. .

P(P3) + fi (1) It is also hoped to include results for crossi1

N and y are constants and T, a and (gi) are variable sections for rotational excitation and de-excitation

parameters. Particles I and 2 are the electrons in the obtained using both the calculated Zg and Z wave-

*" target hydrogen molecule and particle 3 is the incident functions and the method of Ficocelli Varracchio

Pos itron

c = ikR (2) References

* where k is the wave number of the positron in atomic 1. E.A.G. Armour, J. Phys. B 17, L375 (1984)
units. 1a and 43 are the confocal elliptical (prolate 2. E.A.G. Armour, submitted to J. Phys. B. and Abstracts

spheroidal) coordinates, of the XIVth ICPEAC.
-3 t3. W. Kokos and C.C.J. Roothaan, Rev, Mod. Phys. 32,

3 A R (3) 219 (1960).

-r 4. C. Schwartz, Ann. Phys., NY 16, 36 (1961).

R 5. T.C. Griffith and G.R. Heyland, Phys. Rep. 39,

where r3A and r3B are the distances of the positron from 169 (1978).

nuclei A and B, respectively. 6. E. Ficocelli Varracchio, J. Phys. B 14, L511 (1981).

The functions, I1(X3) and 02(13), are chosen so that

T is regular at A3 - I and

TT - NIl (A3) + aQ2(X3)]Pl(V3)y G  (5)

where . " . -

0'1(X3) - COS T Il(X 3) +sinT S1
2
(X

3
) (6)

S13() - -sinr 0l(X3) +cos 0 2(03) (7)

has the asymptotic form appropriate to the lowest E
u

partial wave.

The (Xi) are short-range correlation functions to

=- take into account the interaction between the positron

and the hydrogen molecule

X1 - N0S2(Aa)(f-exp(-y( 3-)1)exp(-y(A I)I

XPIGtOi (B)

.- ." = -4-.
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POSITRON AND ELECTRON TOTAL CROSS-SECTION MEASUREMENTS FOR MOLECULAR OXYGEN '"."

C.K. Kwan, Y.-F. Hsieh, W.E. Kauppila, Steven J. Smith, and T.S. Stein

DWpartment of Physics and Astronomy, Wayne State University, Detroit, Michigan 48202 USA "Z'

Total cross-sections have been measured for Energy Coy) .. ,

positrons and electrons scattered by 02 in the range 0 20 80 100 2 O 300 500

of 1-500 eV using a transmission technique. Positrons

are produced by bombarding a boron target with a 4.75 13-

MeV proton beam from a Van de Graaff accelerator. 12- * S..

Approximately 10 of the "fast" positrons produced II ," This ExperimentE

are moderated in the target Itself and the energy width 1) 10- . -. (196)

of the positron beam is about 0.1 eV. The electron beam-b -

Is produced by thermionic means and has an energy width -

typically of 0.15 eV. o -

The total cross-sections are deduced from the -

attenuation of the transmitted beam, the target gas

pressure and the length of the scattering region. The 0 5-

gas pressure is measured by a capacitance manometer. . 4--

For every energy, the total cross-section is measured in 3-

a least six runs with varying target gas pressures. 2- - This Expelmentte r I .Charlton (1980)
The experimental errors, excluding the effect of small - ColemOn (1975)

angle scattering, is estimated to be 6% for positrons

and 5% for electrons. 0 2 3 4 5.

Fig. I shows the present results for positrons and k(|/oo)

electrons scattered by 0 . The electron measurements
2

are shown along with the measurements of Sunshine et

al. and Dalba et al. The positron data are shown FIGURE 1 Comparison of positron and electron total
3,4

along with the measurements of Charlton et al. and cross-sections for molecular oxygen.
5

Coleman et al. . An overall observation is that

electron total cross-sections are everywhere larger than 1
the positron cross-sections reflecting the absence of an authors. Our present results, however, agree s - -

exchange interaction for positron scattering and the remarkably well with those of Dalba et al. where the

fact that static and polarization potentials have energies overlap.

opposite signs resulting in an overall weaker This work is supported by the National Science

interaction for positrons than for electrons. Another Foundation under Grant No. PHY 83-11705.

feature in the comparison between positron and electron

total cross-sections is a tendency for merging of the References

cross-section curves at higher energies due to the fact 1. G. Sunshine, .B. Aubrey and B. Bederson, Phys. Rev.

that at these energies the static interaction is the 154, 1 (1967).

dominant interaction. 2. G. Dalba, P. Fornasini, R.Grisenti, G. Ranieri and A.

The present positron results are in quite good Zecca, J. Phys. B 13, 4695 (1980).

agreement with the measurements of Charlton et al. 3 3. M. Charlton, T.C. Griffith, G.R. Heyland and G.L.

although some of the features between 8 and 13 eV Wright, J. Phys. B 13, L352 (1980).

mentioned by the latter authors are not evident from our 4. M. Charlton, T.C. Griffith, G.R. Heyland and C.L.

measurements. We also observe no significant rise in Wright, J. Phys. B 16, 323 (1983). . ,

the total cross-sections in the vicinity of the 5. P.G. Coleman, T.C. Griffith, G.R. Heyland and T.L. - -

positronium formation threshhold. The present electron Killeen, Atomic Physics vol. 4 (New York: Plenum,

total cross-section results are about 20% larger than 1975) PP. 355-371. " .5 I4.

1
those of Sunshine et al. from 12 to 100 eV. We are

unable to confirm the "bump" of the electron total

cross-sections between 11 and 13 eV observed by earlier

". -.,.. .. . . . . .% . . . .. . .-...,-. -................................................................ •.....-..-.-..-.,.,.,-,.-.-..,,-..,........'. ,' -. '.,,-,', -,-,
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POSITRON SCATTERING BY NITROGEN MOLECULE

N. Bhattacharya and D.N. Tripathi

Dept. of Physics, Banaras Hindu University VARANASI - 221005 (INDIA)

Theoretically
I 
calculated total cross sections for the The reported results of the total scattering cross sec 1

positron scattyring by nitrogen molecule ( l..g) vis-a-vis tions (Table) are in excellent agreement with the experimen , '
experimentally determined values are far3from satisfactory. tally measured cross sections in the entire energy range.
Hence the present study. The earlier work has been exten- Therefore, it can be safely concluded that the positronium

ded with the following objectives; 1. to explain the obser formation cross section has no marked influence at least I ,
ved total scattering cross sections in the entire energy over the total scattering cross sections. It is found to be c.,
range, 2. to emphasize the fact that in the close coupling sensitive with the values of r . (the respective values of - -

approach with the integral equation algorithm the value of rm are given in the table). Rotational excitation cross
rm (i.e. the lower limit of the integration) is very sen.- sections for theO-.2and0 4transitio are eal re-

sitive to the total cross section (but not the rotational ported (Table) which are in disagreement with the previous-
excitation) and hence is important in determining its value, ly reported results. However, on the basi; of the good agree.
3. lastly, to point out the discrepancies between the pre- ment between the observed and the present values of total

sent and the previously reported theoretical studies in so cross section, it is contended that the reported rotational

far giving values of various cross sections (rotational excitation cross sections are reliable. Various other cross
excitation etc.) and hence the need of the experimental sections, in addition, viz; differential, momentum transfer

measurements, cross sections etc. are also calculated but are not repor-

Interaction potential has been improved over the one ted in the absence of any comparable experimental results.
used earlier by accurate calculation of polarization poten- Finally, it is concluded that in order to resolve the exist

tial using the Hartree-Fock SCF wave functions for N -mole- ing discrepancies and clarify the collision dynamics the ex

cule. In addition it contains the static component. The sin perimental determination of the differential cross sections

gularity of the interaction potential appearing at the or- isessential.

gin has been avoided by taking the solution of the scatter- ACKNOWLEDGEMENT: We are grateful to Prof. D.K. Rai for his
ing equation to be zero out to the point r . , a point deter- fruitful discussions and encouragements during the course

mined by the requirement that the interaction potential is of this work.equal or greater than the kinetic energy of the impinging

positron. This is the value taken for the lower limit of the
integration and, naturally, it varies with the incident ener

gy. The possibility of the annihilation or positroniuir for-

mation has not been included.

T A B L E '-Z 2 '- 2

Total Cross Section (a 2) Rot. Excit. Cross Section (a
2
)

Present Expt. 0 2 0 4 rmln (a.)

0.1 83.9 -- 0.24 0.16 (-5) 4.o

1.0 11.4 a) 13.2 0.30 3.10 (-5) 4.0

4.0 9.3 a) 11.4 0.21 8.10 (-5) 3.0 " 'P

b) 12.4
10.0 18.5 a) 16.0 0.26 3.07 (-4) 2.0

b) 17.6
100.0 23.8 a) 23.2 0.18 1.41 (-3) 1.0

a). Reference 2b, b). Reference 2c, (-5) means IO
5
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A HYPERSPHERICAL STUDY OF THE POSITRONIUM NEGATIVE ION %

:%

J. Botero and C. H. Greene :-.'--': .'

Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803-4001

In order to investigate the quasiseparability of "Escuela Colombiana de Ingenieria". C. H. G. received % .

the few-particle wave function in hyperspherical support in the form of an Alfred P. Sloan Foundation %. -- 
"

'

coordinates
i
, and in particular its dependence on the Fellowship.

particle masses, we have treated the positronium 0

negative ion (e+e-e - ) adiabatically
2 

using these

coordinates. The fact that the center of mass of the

system does not coincide with the position of any of -Q605 -

the particles makes a major difference in the

structure of the wave function and in the treatment of -_

the problem. '-.-'--

We describe the three-particle configuration

space in terms of symmetric Jacobi coordinates which

in turn are replaced by hyperspherical coordinates:

R [r 2 (yr) 1/2 = tan-
1
(yr2/r)

r1  (yr2) I -'-.-,/r.'

where r1 is the electron-electron separation and r2 is

the distance from the positron to the center of mass R (a.u.

of the electron pair. The factor y=(3/4)
I 2 is needed Figure 1: Potential curve of the first

to make R
2 

the total moment of inertia. 
excited tate.

The adiabatic treatment
2 

consists of finding '

eigenvalue U (R) and eigenstates oP(R10) of the

Hamiltonian at fixed R, and approximating the total

wave function by the product of a radial function

F (R) and the 0D (R,Q) obtained before. In this work

we have solved for the 0 variationally, expanding it
in a nonorthogonal basis of hydrogenic wavefunctions

of positronium. The Is,
2
s,2p and 3s basis functions & -0.2

were used. Solution of the radial equation gave then

a lower and upper bound on the ground state energy.

Our first results give an upper bound of Eu=-0.2597

and a lower bound E X -0.2646, which bracket the best

calculated value Eexact=-O.
2

620 (in atomic units).
3

Figures I and 2 show the lowest two ISe adiabatic _ _ ___I__ __ __

potential curves of the positronium negative ion. We 0 S 10 15
R (a.u.)

conclude that the effect of the different reduced mass Figure 7: Ground state potential curve
of the electrons with respect to the positive charge Fue:,rdsaep ntlcv

in Ps- and H- is simple: to a good approximation all

distances are doubled and all energies are halved in References

the ground and first excited states of Ps" 1. U. Fano, Rep. Prog. Phys. 46, 97(1983) and

references therein.

This work was supported in part by the National 2. J. H. Macek, J. Phys. BI, 831(1968).

Science Foundation. J. B. was also supported by the 3. Y. K. Ho, J. Phys. B16, 1503(1983).
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COLLIONS OF ce WITH Ps'+

M. A. Abdel-Raouf .-

Achaim Stra~e 13, 7406 M6ssingen, W~est-Germany6

%- '

The fact thdt Ps+ and Ps- are two stable ions +v < S.< _ v < t < +V, 0 < v < (6b)
.I-1 - - I

with ground-state energies equal to -0, 5024 Ryd. The pairal~eters cx, S. y , C. , tan (fl are Vdr- -

raises the questions about their elastic and lational parameters. rT is the S-wave phase

inelastic (if it exists) scattering by electrons shift and T)is the Coulomb phase shift.

and posi trons, respectively, as well as their The total HamilItonian His expanded by

dissociation into two positronium atoms or one 4 + 42+ H,, H b4(7)

positronium atom and two (or three) photons in where H is given by
*various scattering problems. In this work we

*restrict ourselves to the investigation of the H -{
2  2 2

*S-wave elastic scattering of eicctrons(positrons) (2 t.) 1 S vI

h,, the positronium positiveloieqative) ions. The v4 1 4t1  5 t s I .- ~,
calculations are carried out by virtue of a 4 ____ 2- C2 +u 2- 1

Ileast-squares variational method . Vie are intend- a s t- ) a s Ita

*ed to evaluate the scattering phase shifts ForI 2
2< 4s Lit 2 + ?(cos(e

a %side reqion of incident energies, 0 < k .1aa ita Iv _v I

where k is the wave number of the projectile, 12(oos( ))cs~

and wehope that the used method, which is almost aav I C~lv O~a
anomaly free, could provide us with some indica- I- ta )

tosabout resonances or the existence of higher H i
H sobtained from H4 by replacinq a %mith b,

bon-states of the targets.ba
~ ,and

US assume that 1,2 be the two identical U V

patces of each ion, a being its third partic- ta - 1 Krl ~,t 1  ,
t r,,- r

lead b refers to the incident projectile. b l ?b'

s asoasuo tht i fxe~ ad iIDefinion the set of projiections

dosnot play any role in the target wave f Un c- < X~lH 11 ElIY > P1

tion. Therefore, we may write the total wave < X - Ely > P P2
function in the form

and < X.IH El >~ i~P. -I

Y~NS 2 .t) kb ~ lre Xand XOare the sin and cosin parts3N of Y, the variational parameters can be deter-
+ -PSZCi x1 mined hy virtue of the variational principle

tihe re OT represents the ground-state Of the 6 z 2 _0
considered ion to be chosen in the Hylleraas i

form Rere ren ces

I s~t) cosh2 T_-05 (2) d 1A~ .3hati a and 9.J. Orocamin , Phtys. Rex. AS,
H 9S31252 3.LI

The uctons and Xiare expressed by2
The met hod and i ts appli cit ions in aitomi

e -as~ cs(~.t,) + cos;1i a n d n u clea r sca t ter ing a re rv Iwe h\,1

( 13) Nbde I - a 0 f ,l Ph s. ihep)t 1I , 1 I9,4) 1 - 6 3 .

an n, v l ( nml So p q o m q tPi)
any1v 5j~2 11 2 1 2

The seat ter Inql wave functi on c( kra b is (41ne

by

sir,(kv-ry tan r1o)(I - )cos(k%-nl)

where sP ti, v are Hylleraas'vectors rati sfN

the relations

S - r I a rb ti rl-
i- , 1 ib, 'ab
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ACCURATE CALCULATIONS OF THE BOUID-STATESOF THE POSITRON IUM IONS AND MOLECULES ,"-"";

M. A. ABDEL-RAouF . .. .,

ACHALM STRAriE 13. 7406 MOSSINGEN. WEST-GERMANY

THE EXISTENCE OF A BOUND-STATE COMPOSING OF TWO LATION PROBABILITIES OF PS 2 INTO TWO OR THREE

POSITRONIUM ATOMS, OR A POSITRONIUM NEGATIVE PHCTONS .

(POSITIVE) ION AND A POSITRON (ELECTRON). I.E. IN THIS WORK WE USE. FOR THE FIRST TIME. A WAVE

OF TWO ELECTRONS AND TWO POSITRONS, IS INVESTI- FUNCTION WHICH DEPENDS ON THE RELATIVE DISTANCES

GATED. THE ACCURATE VARIATIONAL ENERGIES AND BETWEEN THE SIMILAR PARTICLES OF Ps2 AND ALLOWS

VARIATIONAL PICTURES OF THIS QUANTUM MECHANIC- FOR THE EXISTENCE OF VARIOUS SUBCLUSTERS OF THIS - 7

AL SYSTEM. THE POSITRONILIM MOLECULE (USUALLY MOLECULE.

RYFFRRED TO AS PS2). ARE OBTAINED BY EMPLOYING THE TOTAL HAMILTONIAN OF A FOUR BODY SYSTEM CAN ".

A LARGE NUMBER OF VECTORS. DEPENDING ON ALL BE WRITTEN AS

REtATIVF COORDINATFS OF THE FOUR PARTICLES, FOR 4 2 e .
H = E { i+ 0 __j + t

" .
CONSTRUCTING A TRIAL EXPANSION SPACE IN WHICH 2 m. , 2 r a r.CO SRC IGA T ILi j a r. . ij 1j 13

THE PREVIOLJSLY MENTIONED THREE SUBCLUSTERS ARE 4 a2
RfPRECrITED. THE RESULTANT VARIATIONAL PICTURES - - cos(0ij k

)  
, " -

ARE UEID FOR CALCULATING THE ANNIHILATION PRO- UJ,k;j<k *j ,i ar ar

ABILITIES OF 02 INTO TWO (OR THREE) PHOTONS WHERE e, Mn AND r. REIER TO THE CHARGES, MASSES

AD ONE POCITRONIUM ATOMS. AS WELL AS THE EVA- AND RELATIVE COORDINATES OF THE PARTICLES.

LL0ATII (F THE EXPECTATION VALUES OF SOME AS- CONSIDERING THAT 1=j=1,2 DENOTE THE ARGUMENTS OF

SOC lAZED OPERATORS. THE NEGATIVE PARTICLES. IT IS EASY TO SHOW THAT

THE [SE OF ARBITRARY MASSES IN THE COMPUTING H CAN BE REDUCED. AT e1 =2, mi=/2, 1=1,...,4, TO

PROGRAMM ENABLES US TO INVESTIGATE OTHER FOUR THE FORM
+ - + - - + - + 4 . ' .'

BODY SYSTEMS. LIKE e U e U AND e U e Ul . IN H = Hhy d  + H', (2)

ORDER TO LOCALIZE THE EXACT GROUND STATES OF WHERE Hhyd IS THE HAMILTONIAN OF THE HYDROGEN
P - PS + A-l]

n 
PS, W( THIN ARBI TRARY fARROW rAPS,

A SWIHI ARBITARYAO P HOLECULE AND H' 15 A KINETIC ENERGY OPERATOR

THE TEMPLE FORMULA IS USED FOR DETERMINING EF- DEPENDS ON AND m 4 AND VANISHES WHEN THESE

FECTIVE LOWER BOUNDS TO THE BOUND-STATES OF MASSES ARE INFINITE.

THESE SYSTEMS. THE RESULTS PROVIDE US WITH EXT- TE TOTAL WAVE FUNCTION IS CHOSEN IN THE FORM

REMELY VALUABLE INFORMATIONS ABOUT THE EXISTEN-

CE (OR ABSENCE) OF THE HIGHER EXCITED STATES = 1 (3) i.i.i

OF THE SYSTEMS UNDER CONSIDERATION. WHERE THE X
1
S ARE DEFINED BY

THE CAREFUL EXPERIMENTS BY MILLS 
2
. It. WHICH THE X

i  
uki vkf e-a(Sl +s.) fcosh(B(t l

- t 2 ) +
SlI fj p

1  
q
1

GROUND STATE OF PS- WAS ACCURATELY DETECTED. cosh(y(Sn S2 )){s S2  t t 2  + 'i

HAVE ENCOURAGED THE THEORETICAL INVESTIGATION n In. q Pi" "

OF VARIOUS 3 BODY SYSTEMS WHERE THE HAMILTON- + S S 2  1  2  
(4)

IANS ARE PREDOMINATED BY THE MUTUAL INTERACTIONS AND s i = r + ri4 , i  - , u : r 12

BETWEEN THE PARTICLES AND NONE OF THEM CAN HAVE AND V = r 3 4 .
3

AN INFINITE MASS. THE ELABORATE TREATMENT3OF PS

WAS ABIE TO CONFIRM THE EXISTENCE OF A iSe STATE. REFERENCES

BUT FAILED IN PROVIDING US WITH ANY INFORMATION IM.A.ABDEL-RAOUF. PHYS.REPORTS 84.(1982)163:PHYSICA C97.(1979).103." "

ABOUT HIGHER STATES IN FACT. ALL THESE DEVELOP- PHYCA C.....(1979).1.' ' 
2
A.PMILLS. PHYS .REv. LETT. 50. (I983)671 .

MFrJTS HAVE SHED LIGHT ON THE PIONEERING WORK BY 3y.K.Ho. J.PHYsBI6,(1983)I503; A.K.BHATIA AND

JOHN A. WHFE1 ER IN WHICH HE CHOW[D THAT PS R.J.DRACHMAN. PHYS. REV. A28,(1983)2523.

ARE STABLE IONS AND P52 11 UNSTABLE. ONLY HYL- 
4

J.A.WVHEFLFR, Aw,,,.N.Y.ACAn.SCI.48.(1946).219.

LIRAAS AND ORE -ICCEDFD I N PROVINDG IHAT THE 5 *.- ' IA 01AS A'- AORP , PHYS.REv.71 (1947)493.

HAMII TONIAN OF F", CJupPFGRTC A BOIJD-STATE WITH 
6

A.ORF, pHySPIRv.71,(Iq47)913.

BINDIN(; ENERGY 0.11 eV. WHICH HAN BEEN INCREASED 
7

Yti.A.TISENKO, Izv.Vuz.24.(1
9 81).3-

6 . ENG.TRANS. .-

BY ORE
6 

TO 0135 V. SOV.PHYS.J.24.(1981)99-10".

RECENTIY. TISFNKO
/  

HAS USED HYLIERAAS-ORES. .

WAVE FUNCTION ItN OPDFR TO CALCULATE THE ANNIHIL- . '.'-.

, . - ; %. ." .

o , • . • . . . . . . . . . . . - . . . .
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AUTOIONISATION STATES OF THE POSITRONIUM MOLECULES

M. A. Abdel-Raouf. 1

Achalrn Stratle 13, 7406 tMossingen, West Germany

The method of the complex coordinate is used e+(m.) r la , 1

* for calculating the aut~ioiisdtton states of/

the positronium molecules, (Fig. 1)./

The total Hamniltonian H, can be wrirtten as /** .~-

H = T 2 .T + T b+ V, (1)

*~here the kinetic energy operators T , T 2'Ta I

and T b have the following forms, respectively at

i .L 3 2  22
2 z r I 2 r Ir / (m

I 2m, 9 r' la la ar lb l

2_ 2 A2 I

+ r
2  

+ 1  3r1  o la lb
1  e+(mb)

rl2 Tr,2 ia. I

Irla.5 rib t,+Ise 2 r lIn s r1 r,,, rit and t.i ri.- rib i~,

d____ u r 12 and v r %vithO0< v <,
+cos(e rIn(2a) a

lb,12 ;rlb 3r12 iv < s.< and -v < t.< v. (4)

2 ~~21 L1j
T2 a a 2 a ;e also assm that ra is fixed in space and

2 m r ra 3r2a + Fr b jb 2 b the total wase function is independent of r 2b
12.

D2 2 D This assumptiol) reduces the volum element dT to
r +T Fj 2j7~ (cos(e2a.2 b). iefr r (/6

12 fiIomd7(/6 s1  tH(s _ t )uvds us2
-22 dt Idt r".

co 9r ~ i'an3 The fol lo- inq f urns of the wave funiction are*o~ 2r 2 a,12 5 2a r12

a2 tested:
+cosISe (2 r~I 1  2b) iie-12s5 2) cosh(31t1  t~

2 22 ? 2- e -:~s s (os( t ) 1 ch S 1 s2)

a 2n, 2 r-2 + 2  Ir- 3) Xi ? I~ 1~ .
a rr1  2a In 2.

2 The atitoini satiuir %tates are obtaiined by settin(

r ab ra b r *r, e c wihere ~-jand - 3, 4 refer to the
a b kj kJ he rediicvd Hmiio in add tr

* raI2  * oll bI 2 insitrons. iii threue ajtoinndde-

3r r -, os~ I~b3rar nd ,jfn thle o vo a t i i q vo I lrres Of the( c'omplex
322 1 b )r of the spectrum of rsinhq las lcioh-Ritt'

co (a2a,ab )r ?d r, (2ce(t trurt. i s,.1 ir o n iO te c i a(oti hi,, prribrii

2 a 2 r lb 2rbr?
b b 9r I b r2 h

32 2 143f tttrirrc, 5

+__ -+ '--- r (oI ~
Arb rab 'Ib The ma hemr.)~ I Al m"t I'od( of urn

In ~ ~ ~ ~ e- lbrc o oi rr dIr ourirr t ci rr r ~sr r rs C. S. Shim-i.
lb br at 1'~. 5 .R0eiit.,,.t7i~ ph, ~,icalr spr

Cos~ Ib Ir I si dn '. ie or f.rl t ;W- t tr is .

The potential enerqy 1, 1s qi ve bv t'r\.Iept.
99

. 1 91,( 1rh

Ce e C e eSee v.q. t. .t1sr n . .Crrno i rrlO.tt

ra ?b 1 b (3) ph\ s.221I9
7
I11 )2 nd .rrk t~mrrr Crrnnrr .rtr.('i

* Set ting m1 Mn2 m I /? and e ?=2 qe an s ? 7 197? 1.

* ~ ~~~~~ thtHi ie nR brg ratomic units).

*In our calculation -L use the Jy1 eia str

fr.2
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ORTHOPOSITRONIUM LOCALIZATION IN GASES BY DENSITY FLUCTUATION SCATTERING -

C. V. Heer -

Department of Physics, Ohio State University, Columbus, Ohio 43210 USA

* The enhanced lifetime of orthopositronium, o-Ps, in wavelength and an extension to high density gases would

helium is attributed to the formation of a cavity sur- seem appropriate.

rounding the o-Ps atom. This cavity formation is

explained in terms of a balancing of the zero point

* kinetic pressure of the o-Ps atom and the hydrostatic 300

* pressure of the surrounding gas, and this explanation

requires a repulsive interaction potential between the 0

o-Ps atom and the helium atoms. A similar enhanced life-

time has been observed in ethane
1 . 2 

in which the inter-

action potential may be attractive. It is the purpose of 200

this paper to develop a model in which the attenuation a

of the coherent wave by elastic fluctuation scattering of Dp

matter waves

a a d e-iK
' r

a =a ,G~d e AnCO) An(r)> 1t00
2k 0

. I .27a2 k-
2 VJf K dK <jjn~I

2>V
0

provides localization of the o-Ps. The s-wave scatter- 0 I I-"

* i' length a > 0 for a repulsive and a 0 for an attrac- 0 100 DC 200 D 300

tive potential, and the wave number in the gas or liquid

is k
2 

= k2 - 4.an. This damping constant a is used to Figure '. Orthopositronium lifetime ("-Xvac)!b = Dp in

form a phenomenological Schrodinger equation whose wave ethane as a function of the number density n = 2.68 x

function is damped in the surrounding gas. The kinetic 10
2  

D m-. p is the probability that the o-Ps atom is

pressure of this localized o-Ps atom is balanced by the outside the cavity. The solid curves follow from the

hydrostatic pressure of the surrounding gas and yields theory at T = 377 K and T-Tc = 0.9, and the dashed curve

the probability p of being outside the cavity and in the at T-T = 0.07 K. Solid circles Are taken from the

gas. Near the critical point the Ornstein-Zernike experimental curve at T = 377rand the open circles at

relationship 306.4 K of Ref. (1). The x are taken from the experimen-

1V (,n r> = n(np/a) tal data at 305.45 1 0.1 K of Ref. (2) and may be in the

K 1 + 2 K
2  

vapor-liquid region.

is used. 
2
/R

2 
= nu/ where i is the isothermal compres--- ' c References

sibility and 6 = 1/k T. It is assumed these equtions
B 1. S. C. Sharma, A. Eftekhari, and J. D. McNutt, Phys.

remain valid for matter waves. Well away from the criti-

cal point R
2 
= R

2
(nu/p - l)/(ni/() and for an ideal gas Rev. Lett. 48, 953 (1982).

c 0 2. S. C. Sharma, S. R. Kafle, and J. S. Hart, Phys. Rev.
n.i = I. The values of ni/i[ were taken from the experi-

Lett. 52, 2233 (1984). r .
mental equation of state for ethane. The decay rate ) is e.

plotted in the form (-vac )/b = Dp against D in Figure 3. S. John, Phys. Rev. Lett. 53, 2169 (1984).

I. The curves which are :;hown are for a = -0.70 x

lO
-
l m and R = 1.5 x 1010

The model used in this paper is controversial. If

correct it applies also to electron and positron locali-

zation in gases and liquids. Recent theoretical work
3 

on

electrons in solids suggest that localization occurs when

the elastic free path is comparable to the deBroglie
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INTERACTIONS OF POSITRONIUM WITH CH4 AND C2H6 MOLECULES

Suresh C. Sharma, Michael H.Ward, Charles A. Dark, and Eric M.Juengerman

Center for Positron Studies, Department of Physics
The University of Texas at Arlington, Arlington,Texas 76019

Recent advances in the investigations of the scat-

tering and annihilation of low-energy positrons in

-simple molecular gases have shown several new and in-

*teresting features. For example, i) the cross sections

for the pickoff annihilation of orthopositronium atom

formed in gaseous C2 H6 at low densities where one posi-

tronium--one molecule interactions dominate show a sig-

k nificant variation with the temperature of the gas 
1 ,

ii) the probabilities of positronium formation in CH4

and C2H6 show marked changes with density 
2 , and

iii) the pickoff annihilation rates of orthopositro-

-* nium atoms exhibit remarkable sensitivity to density

fluctuations in these gases.
3- 5

In this paper we present detailed new results

from analyses of our data on the formation and annihi-

lation of positronium in CH4 and C2H6 gases. We show

that the observed temperature dependence of the cross

sections for pickoff annihilation of orthopositronium

in C2H6 does not result primarily from a velocity de-

pendence of the collision cross section, the subexcita-
6

tion positron model of positronium formation provides A

a reasonably good fit to the electric field dependence

of the positronium yields in CH 4 , and that the annihi-

lation behavior of positronium seen in C2H6 provides

information useful to the equation of state.

References

1. S. C. Sharma, J. D. McNutt,A. Eftekhari, and R. A.

Hejl, J. Chem. Phys./5 1226 (1981).

2. S. C.Sharma, J. D.McNutt, A.Eftekhari, and Y. J.

Ataiiyan, Can. J. Phys. 60 610 (1982).

3. S. C. Sharma, S. R. Kafle, and J. S. Hart, Phys.

Rev. Lett. 52, 2233 (1984). .,

4. S. C. Sharma, A. Eftekhari, and J.D. McNutt, Phys.

Rev. Lett. 48, 953 (1982).

5. J. D. McNutt and S. C. Sharma, J. Chem. Phys. 68,

130(1978).

6. W. Brandt and H. Feibus, Phys. Rev. 174 454 (1968). "
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CIASSICAL TR&JECTRY MNTE CARLO CALIATION FOR L

,4 + (C 7
p) -- (A-) P and e

+ 
+ (e-p) -- (ee-

) + p

K.Nakanishi, T.Watanabe,$ A.Ohsaki,* and K.Iguchi +

+ Department of Chemistry, Waseda University, Ohkubo, Shinjuku-ku, Tokyo 160 Japan

Atomic Process Laboratry, The Institute of Physical and Chemical Reserch (RIKMN), Wako, Saitama 351-01 Japan -
Institute for .Molecular Science, Okazaki,Aichi 444 Japan 1,4

The formation of (,+,,J) has not yet been Cartesian coordinates of particle k* (or e) (i=4,5,6)

succeeded experimentally, but it is highly desired from with respect to the center of mass of (47p) (or (e-p)),

the viewpoint of exotic atom physics. One of the respectively. We can obtain Hamiltonian canonical

possible way for (.2,) production is to make use of the equations for the system and Ci with i=7,8,9 can be

collision process of substructed from these equations because they are in

,+ +( -p) --> (h -) + p (1) constant motion. By solving twelve sets of

Process () can be considered as a similar process of simultaneous equations for Ci and its canonical
proton-hydrogen charge transfer; p + (-p) -- > conjugated variables Pi , with the initial

(e-p) + p, In the comparison of Process (1) with the conditions which are relevant to the initial quantum
proton-hydrogen charge transfer process, there are some state and are randomly selected by Monte Calro method,

difficulties to make a theoretical formulation mainly we can obtain the probability, where the final state is

from the following points; (a) mass ratio oft-meson to found either in the classical bound state (Kepler's AA
proton is not so small as that of electron to proton, orbit) of G -) (or of (ee)) or not.

and (b) highly endothermic property of the reaction.

In heavy particle collisions, relative motion can be 10 .. ... . .
determined independently from other interactions and can

often be treated by a almost unperturbed description.

This is the reason why we can aboid a real three-body C -

problem in the formulation of charge trancefer process BK
by taking into account an nearly unperturved relative 10-4 BREAKUP

motion. As one of the method to solve a three-body o .. .-
problem, the classical trajectry Monte Carlo (CTMC)

method has been developed and applied to many cases.
2'3

We can treat completely three-body problem and solve on -

them in the limit of classical mechanics. Particulary -!10-5

in the cases of Coulomb interacting three-body collision n-2

problems such as charge transfer prosesses and TOTAL

ionization processes by ion-atom collisions, CTMC method TRANSFER

has been applied and been proved to give proper results

empirically.2  Probably this is suposed to be due to 1 2 3 4

the identity of two-body scattering cross section IMPACT VELOCITY (in a.u.) . -

formulas for Coulomb potential between classsical Fig. 1. The cross section for Process (1) and (2)
mechanics and quantum mechanics. as function of impact velocity of A .

n=1 indicates the process in which (PgL -) is
Under these theoretical background, we have made a formed into the ground state and n=2 indicates the . . -

C MC calculation for Process (1) together with a breakup process to from into n=2 excited states of (,iA+Z).
BK means the cross section by Brinkmann-Krammers - ..-

process of .- (-p) collision as approximation.

,* + (k-p) -- ) L + 7 +p (2)
aid positron impact process on hydrogen as

e"
+
* (ep -- (ee-) + p, (3)

-- e" e- p (4) Reference

for comparison of the accuracy of the methocL We take 1) KLNagamine, Invited talk at IIIrd LAMPF II Workshop

similar coordinate systems as those by Olson and Salop2; (Los Alamos, July, 1983).
Ci (i=1,2,---,9) represent the Cartesian coordinates 2) R.E.Olson and A.Salop, Phys. Rev.,A16 531 (1977).

particle7- (or e-) (i=1,2,3,) with respect to p, the 3) Reference cited in Ref. 2 .6

. . . . . . . . . . . . . . . . . . . . . . . . . ..

* . * .*w"-J. .. ".

"'."•"-" - .• . " " ."-'-.'.- .. -'-." .' .. ".v':,." "-"., -. '.-..-.-, , .
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QUANTUM MECHANICAL STUDY FOR THE PROCESS OF )A + ( 4p)-tC( RFA') + p

Q.Ma, X.Cheng, Z.Liu, Y.Liu, and T.Watanabe -.

Department of Modern Physics, China University of Science and Technology, Hefei, Anhui Province China. , ,
Atomic Process Laboratory, The Institute of Physical and Chemical Reasearch (RIKEN),
Wako-shi, Saitama-ken 351-01, Japan.

Recently classical trajectrory Morte Carlo(CTIPC) and %2 2 h2 2 e2 ,
method has been applied to the process of + ( p) H R 2 "€" eT ' )--%

+V _ I)-- j(T 'S( ) + p and e
+  

+ + 1) (e e, )r+
We ..... ( l mk p cl a n q ec e f where and are reduced masses of the relative

We will make a calculation in quantum mechanical way for motion in the initial and a final state, andVp andfre-

+ (K).P )-*( )A-) + p in order to duced masses of composite atom in the initial and a final

compare the results with those by CTMC method. This pro- state, respectively. H((r,R) and Hj(r',R') are the inte-

cess has been suggested by Nagamine2  as one of the pos- action Hamiltonian in the initial and final state.

sible way to produce ( +h1 ) atom from eXperi ental We assume the total wave function of colliding

point of view, system as

The atomic structures of exotic particles draw much = F() i ) + Ff(R) )/f-),

attention from the viewpoint of quantum electrodynamics where 4i(C ) and Wf~r) are the ground state eigenfunc-

(QED). They will give us many information concerning tion of composite particles in the initial and a final

QED because the interaction there is direct and they need state and Fi( ) and Ff(') the corresponding wavefunction - .

not to use complex perturbation calculations. As one of of relative motions. ". -a.

the possible way to produce ( t+ t-), one can consider The equations for Ff(R') in FBA and in DWBA are -A

the process as + , - -E )Fr I")
)+ + ( $- p )- ( )A

+ )k" ) + p. (1) +<nVf(') IHiIFL>(R).;($))r'

Here we are formulating and calculating the cross where F90) is a plane wave in the initial state, and

sections for process(l) by using quantum mechanical way. (- -. 7R2 + f -E)Ff1WL)

The process(1) is characterized by the larme mass trans- a (',(,)jF-._ 1 £;.')IF4J ,)?..

fer between initial and final states and consequently the + Pair-

center of mass of incident particle is greatly varied. (1( ') IF (R)" (7")>1" -

Furthermore, there exist large endothermic energy dif- From these FfBA(R ') and FDW(R'), the scattering amplitude

ference (1.13 KeV) between initial and final states. In f( 0 ) and the total cross section with these f( ) can

this sense, this is considered to be typical three-body be obtained as V

collision problem. CTMC method treats three-body prob- iL jf(e) L -.V
i

lem regorously in classical mechanics. We can obtain the where V. and
characteristicher fetr of thahe-bdnrblmidh Vf are the velocities of initial and finalcharacteristic feature of the three-body problem in the states, respectively. This results show that DWBA's

limit of classical mechanics. On the other hand, the
result is not so much different from FBA's result and

quantum mechanical method may show the characteristic fea- tsa v lr au h CT el i hthese are 30- 50% larger value than CTMC results in the

ture of quantal effects. For this reason if we can ob- i v t o"anm"Impact velocity region 1.75- 3.0 a.u.. Brinkmann-Krammers .= -.-

tain similar results for the same process by the first results are about five times as much as that of FBA.

Born approximation or by some improved approximation with CTMC results are considered more reliable than those of

those by CTMC, the cross section can be considered relia- FBA and DWBA in the velocity region below 1.7 a.u.. From

ble.
these results we can conclude that the maximum of cross

The first order Born approximation (FBA) and the
section lies around 1. a.u. impact velocity(2.0-3.0 KeV

first order distorted wave approximation (DWBA) have been impact energy) and its magnitude is 3.5 5.0 x 10" a2
applied for the process(1) 3 ).  Using the initial relative a 20

apidfrteressect (a0 being the hydrogen Bohr radius) or 2.7-4.0 x lO- 11K

coordinate ( relative coordinate of A with respect

to the center of mass of W p)) and the initial inner 1. A.Ohsaki, T.Watanabe, K.Nakanishi and K.Iguchi, i.-,'-. --

coordinate I and the final relative coordinate R' ( rela- Abstract of XIV ICPEAC (1985). -;°.
2. K.Nagamine, Proceeding of T11rd LAMPF II Workshop, eds.,

tive coordinate of p with respect to the center of mass J.C.Allred, T.S.Bhatia, K.Ruminer and B.Talley( LA- '.- . i

of C k_~.) and the final inner coordinate ,'the total 993C 1983)p.258.
3. P.Mandal and S.Guha, J.Phys. 812,1603(1970).

Hamilton an of the system ca2 be written as
V 2 1 2-2 e

H r  - r + H' R'. -
2ft 2~ r 1

ism

* -. * .**.--*•-*- .
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RATIO OF THE CROSS-SECTION FOR LEPTON AND ANTI-LEPTON SCATTERING FROM HYDROGEN ATOM
- A FIELD THEORETIC APPROACH

Sujata Bhattacharyya Lali Chatterjee and Keka Basu Choudhury

Gokhale College, Calcutta 700020, India.
Department of Physics, Jadavpur University, Calcutta 700032, India.

" A comparative study of the same ceneration In the case of positron interaction with

lepton and anti-lepton scattering from hydrogen bound electron the exchange term arises from %
atom is done. The ratio of the elastic differe- pair annihilation. Contribution of the annihila- _.

ntial cross-section for the first _eneration tion diacram is very low in the case of free-

species (e ,e ) is found to be a function of free interaction in the nonrelativistic limit.

scattering angle and energy of the projectile. but here the annihilation diagram is found to " --.

Whereas in the case of second or third genera- modify the cross-section through interference -

tion leptons the ratio is found to be unity with direct term because of the intecrals over

with second order S-matrix. bound wave functions.

Here we try to extend the technique of The ratio 0 is always greater than one
Feynman diagrams without further modification This shows the scatterinc of electron off hydro-

to free-bound interactions. The philosophy be- gen target is favoured more than that of the
hind the approach is to take the S-matrix ex- positron. But hydrogen atom does not show this

pansion for the free interacting particles. The difference in behaviour for the second and third4- "

S-matrix is then operated upon by the initial generation leptons (W-, -) for which the ratio

and final physical states. The bound wave func- is always one. This may be attributed to the

tionl which is a solution of Dirac equation in fact that the target and projectile leptons are

Lorentz cauce, takes into account exchange of of different aenerations. Other existing resul1s
a- - -W- .. ., -,.Coulomb photon of all orders. The effect of bi- also yield the ratio _-- to be creater than

nding on the amplitude comes throuch these one. However, although in those cases. 20 "!

bound state vectors. varies slichtly with angle near the forward

The amplitude for the processes direction, after that It remains almost indepen.

H+L-(+) H+L-( dent of angle for a particular energy. Our re-

is determined from the sum of three Feynman sult is compared with other model1 calculations.

diagrams with one virtual photon exchange in After initial rise in the forward direction the

each case. The direct and exchanoe interaction ratio is found to decrease with anale and .'-.

daasf (Lepton (Antilepton)) with energy. There is a scope to improve our resultdiagrams of L (L p o A t l p o ) it y i c u i a h q e rd r rd a i n c r e t o

bound-electron of the hydrogen atom are added by including higher order radiation correction
to the nucleus-lepton (anti-lepton) interaction and distortion of the projectile wave function.

diacram. Por the second and third generation Ratio for 400 lab. scattering angle.
+ + a (a)

leptonic pairs (u- t) the exchange interac- UEBS is the uniterised Eikonal Born Series of
*.tion do not arise. In the case of atomic colli- Ref.(2).

sion in the non-relativistic eneroy range the Energy (ev)i

proton form-factor is found to have negligible i (,/ 0 100 200 300 400

contribution. So that nucleus behaves as a lep- Present 1.535 1.311 1.225 1.183

ton of heavy mass. UEBS 1.645 1.367 1.252 1.189

With low target momentum contribution from
Reference

lepton (ant i-lepton)-bound-electron interaction Reference

1. I.Harris and C.M.Brown, Phys. Rev. 105, "
(direct) ane lepton (anti1epton)-nucleus Inte- No.5, p.1656 (1957) - -
raction are found to be sane. Interference of 2. F.W.Byron, C.J.Joachain, R.M.Potvlieoe,. J

lepton-nucleus term with both the exchance and Phys. B%5, P.3915 (1982).

direct t-rm vanishes identically because of
vanishino trace between odd number of i-matri-

ces involved. With higher order diagram it is

- worth searching for the contribution towards F.- .

• "such interferences.

7. ... . . .
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AUGAR FORMATION CF (Pild) MUO-MOLECULAR ION

L.Chatterjee and S.Bhattacharyya k.-: :'>.

Jadavpur University, Calcutta 700032. India

Gokhale Colle.e, Calcutta 700020, India. q

" The (Pod)+ auger formation rate is calcu- ting theoretical values, Table 1.

- lated for the V-0. J-0, and J-1 levels and the The methodology involved utilises a Born-

values compared with other existing ones. Dis- type expansion of the scattering matrix in pow-

- torticn effects are discussed. ere of the electromaqnetic couplinc constant.

The non-resonant Auger-muo-molecular for- While this is retained to first order for the

mation process has been proved in a field theo- interaction, the exchange of Coulomb photons is %

retic manner, usinc QED in the Coulomb gauce. accounted for to all orders through the initial

The low energies involved justify the use of and final bound state wavefunctiono. The inclu-

the Coulomb gauge - but the justification of sion of both u-p and d-p interactions in the

using Born type approximations at these energies matrix element, and their resultant interferen-

remains questionable. We can however introduce ce distinguishes it from simple first Born cal- :.: U

distorted wave functions for the initial state culations. The contraction of the field opera-

to improve accuracy. For a simple estimate we ters in the Hamiltonian with the creation and

, may also use the Sommer. field factor to weigh annihilation operators in the state Vectors

" the effect of distortion. However, as muonic yield momentum relations between the interact-

atoms are dimensionally 200 times smaller than ing particles. This approach may also be used C;

the target host molecules. their interaction to study the resonant molecule formation

is neutronlike, so distortion effects are expe- process.

* cted to be small. We discuss this aspect.

VWe assume that the Auger formation process

for muonic atoms incident on Hydrogen molecules

du+H 2 - (duP).tH~e (1) Table I. Values are from ref.(3)
Zal- Pono-

is not noticeably different from formation of Con- Ble- Pys- devish morav
forte ser tri- Co- and and

' the corresponding atoms. This is mainly because et et ta- hen Ger- Fai- sent

the neutron-like mesic atom can penetrate free- al. at. kie tain man -

ly through the molecule, and interact with one (106s" ) 6.82 5.6 5.53 3.0 1.3 5.91 4.87

or other of the target nuclei. The spectator + + +

nucleus is left behind in a neutral atomic C.25 0.03 0.16

state with one electron. This spectator atom ....

is further not expected to recoil, so that the References

effective kinematics remains same as in the 1. m.Leon, Phys. Rev. Lett. 52, Pa-e 605

atomic case. This was observed in 1957 by 2. L.Chatterjee and S.Bhattacharyya, Phys.
Letters 93A, No.7, P.360 (1983).

Jackson 3. L.I.Ponemarev, N.P.Faifman. Soy. Phys. JETF . __ =

Further, hydrogen atoms may be formed in 886 (1976).

the chamber due to dissociation of target mole-

* cules by Auger mesomolecule formations. Free

nucleons, present in the system could also par-

ticipate in molecule formation, a nearby spec-

tator electron carrying away the energy releas&

* We thus obtain the (Pud)+ formation rate as

4.87xi06 sec" . This is in excess of our previ-

ous computation
2 arid includes the J=l final

*, state which was neglected then.

The rated formation of (Pud)
+ muomolecu-

* lar ion computed by us is in good agreement

with experiment and lies between the two exis-
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REACTIONS OF POSITIVE MUON MOLECULAR IONS IN THE GAS PHASE

I.D. Reid, M. Senba, D.J. Arseneau, D.M. Garner, and D.G. Fleming

TRIUMF and Department of Chemistry
University of British Columbia

4004 Wesbrook Mall, Vancouver, B.C., Canada, V6T 2A3

The diamagnetic muon spin rotation signal from 5.0

positive muons stopped in the noble gas moderators He,

Ne and Ar is due to the formation of v+ molecular ions

(e g. [HeMu+]
*
) in ro-vibrationally excited states.i 4.0

This signal is very long-lived, with T2 - 50 ws. Upon -"

the addition of some reactant gas X thermal charge ex-

change may cause the formation of muonium (Mu-(u+e-), ' 3.0

depolarizing and hence relaxing the signal, in "0

competition with muon transfer: e.g.

o 
. 2.0

Mu + X+ + Ne

[NeMu+]
* 

+ X kt X5u++Ne

1.0
where kc and kt are the rate constants for charge

exchange and muon transfer, respectively. The competi- .\. .%.
tion produces two relaxations, a fast component due to

charge exchange, and a slow component due to muon trans- 0 20 40 60 80 100 120

fer where the muons, remaining in a diamagnetic environ-

ment. maintain their polarization. Xenon Concentration (10*7cm' )

We have studied kc at room temperature for a FIGURE 1 [NeMu+] Reaction with Xe

variety of reactants X (Xe, Kr, CH,, C2Hb, C2H4, CH3F,

NH3 and NZO) in He and Ne, and for Xe, NH3 and CH4 in fragmentation of metastable ions,
2 

particularly If an

Ar. Relaxation was not seen in Ar for any dopant, nor intermediate complex is formed, as in current work on

for CH. or C2H. dopants in He or Ne. A fast relaxation ion-molecule reactions.
3

component was seen with all the other reactants in both :_______5__________

He and Ne, although the reactions with C2H4 and Kr were He moderator Ne moderator

measureable only in Ne. The Kr reactions are surprising Reactant kc(exp) kc(theory) kc(exp) kc(theory)

since Mu formation with Kr should be endothermic, even
for a° bare muon.

for a bar ... n. Xe 12±4 23.5 3.0±0.5 11
Figure I shows recent and previously published' CH, '0.02 20.5 0.02 12.5

data for the relaxation rate A vs Xe concentration for 60±20 36 26±3 21

the [NeMu 
*
j + Xe reaction. The new data extends to CH3F 29t5 37 7±2 20

much lower concentrations, showing a pronounced curva- N20 20±2 - 11±1 -

ture in X. at these concentrations which was not estab-

lished previously; all reactants show similar behaviour Kr ? 19 7.2±0 9 9.1

at low concentrations. Within errors, all the high-

concentration data can be fitted to a linear dependence TABLE I [HeMu+]* and [Ne~u+]
a 

Molecular Ion Reaction

(e.g. Fig. 1) fron which a rate constant kc is deter- Rates (10-10 cc/See)

mined. Preliminary values for kc are given in

Table I, compared with theoretical calculations from References

simple Langevin theory (Xe, Kr, CH., C2H.) or from the 1. D.C. Fleming et al., Chem. Phys. 82, 75 (1983).

Average Dipole Orientation (ADO) theory (C 3F, NH3). 2. M.F. Jarrold, A.J. Illies and M.T. Bowers, Chem. e.

Given present uncertainties about the reaction mecha- Phys. Letts. 92, 653 (1982); J.E. Moryl and J.M.,-
nism, the agreement between theory and experiment is Farrar, J. Phys. Chem., 86, 2020 (1982).

good, with the notable exception of CH,, suggesting that 3. M. Durup-Ferguson, H. Bohringer, D.W. Fahey and E.E.

muon transfer (kt) dominates over charge exchange in Ferguson, J. Chem. Phys. 79, 265 (1983); W. Dobler " ""'

this case. This may be related to tunnelling-enhanced et al., ibid, 79, 1543 (1983).

%; . . .. . .
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DYNAMICS OF MUON SPIN POLARIZATION DURING CYCLIC CHARGE EXCHANGE IN NOBLE GASES

M. Senba, R.E. Turner, I.D. Reid, D.M. Garner, D.J. Arseneau, and D.G. Fleming % or

TRIUMF and Department of Chemistry -

University of British Columbia
4004 Weabrook Hall, Vancouver, B.C., Canada, V6T 2A3

0.4 I u% , . ,P"A beam of 4.2 eV positive ons (100% spin ,, .-

polarized) was stopped in noble gas targets and the spin 0.4

polarizations of muons thermalized as triplet muonium 03.--

and in diamagnetic chemical environments have been

measured as a function of pressure, p~u(P) and p()
respectively. A set of coupled quantal rate equations

S0.2
for muon spin dynamics, based upon quantal Boltzmann

equations, have been developedl,
2 

to calculate P4um'
p S(P), and p0 (P) where p .(P) is for singlet muonium

which is unobservable in this experiment. The dynamics

of the muon spin is generated by the muonium hyperfine

interaction between the positive muon and the electron
0.0

and by the electron pickup and loss rates (kp(t) and 00 10 20 30 4.

kl(t)) of muon and muonium, respectively. FIGURE 1 pD(P) in . Pressureoim)

Energetic charged particles undergo three broad

regimes of energy loss as they thermalize in gases. At 0.5

high energies where slowing-down is mainly via ioniza-

tion of atomic electrons (Bethe-Bloch regime), no sig- 0.4

nificant muonium formation occurs. In the second regime

the muon passes through a series of charge exchange 0.3

cycles, p+ + e *--. Mu, where it spends an appreciable

amount of time as a muoniun atom. Muons emerge from the

cIcharge exchange regime in one of these chemical environ- -.2

ments, the probability of which depends upon kp(t) and

k,(t). In the last stage the thermalization process is 01 .

dominated by elastic, inelastic and reactive collisions

and there are no further charge exchange cycles. Due to 0,0
the presence of the hyperfine interaction there may be a 0.0 10 20 3 0 4 0

significant muon depolarization in the charge exchange Pressure(otm)
region. That is, during free ftight of muonium between ,..d'','''

FIGURE 2 p&u(P) (upper) and pL(P) (lowe) in hr, the
collisions there is an exchange of polarization between superscripts t and a refer to triplet and singlet

the muon and the electron which is mediated by the muonium spin states, respectively.

hyperfine interaction (v-4463.3 Mz). If the time

between collisions approaches the order of the hyperfine upper curve at high pressures shown with data points in DO

period (1/v-0.22 nsec) then the electron can carry away Fig. 2. The lower curve is pu(P). The time span for

an appreciable portion of the polarization when it is the charge exchange regime (tc) in 760 Tort Ar has been

lost in the next charge exchange reaction. determined to be 0.04 nsec, in good agreement with

In order to solve the coupled rate equations, the earlier studies.
3 

The quantity tc is difficult to

following assumptions have been made: (1) kp(t) and ktt) obtain in proton charge exchange studies. It is inter-

are nonzero only in the charge exchange regime and eating to note that, pmu(P) and p~u(P) are, in general,

(2) they are time independent. There are three not equal and the p's could be oscillating functions of

adjustable parameters, ie, kp. kt and a constant which pressure. . . . . . -

relates the pressure to the time span of the charge "''."

exchange regime (tc). Figures I and 2 show fits to the Reference ".'-

data taken in Ar. A set of parameters was obtained 1. R.E. Turner, Phys. Rev. A28, 33(00 (1983).

through a fit of pD(P) shown in Fig. 1, and these 2. R.E. Turner and M. Senba, Phys. Rev. A29, 2541 (1984)

parameters were used to calculate p (P) which is the 3. D.C. Fleming et al., Phys. Rev. 26, 2527 (1982).

•~~~~~~...............................:.-.............. •. . . . . . . .... . ...... ..••.. .. .. : : :-..''.."-
1~~~~~ WNW... . . I III ""
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TEMPERATURE DEPENDENCE OF MUONIUM SPIN EXCHANGE WITH 02 .. 4 %

M. Senba, I.D. Reid, D.M. Garner, D.J. Arseneau, and D.G. Fleming -.' \

TRI(JMF and Department of Chemistry

University of British Columbia
4004 Wesbrook Mall, Vancouver, B.C., Canada, V6T 2A3 V..

muonium (Mu) is a bound state of a positive muon 12.5 ! I , , ,"1. -"

(L+) and an electron and can be regarded as an ultra

light isotope of hydrogen atom with a mass ratio of

a (,,/m(H)-1/9. We have measured the temperature depen- E 100

dneof the spin exchange cross section of 4u with 02

fro m88 K to 500 K using the muon spin rotation I' j t '"

technique (MSR).

Details of the MSR technique can be found in tr

Refs. 1-3. Nuons produced in the decay process C 0 "

n'* +y, are 1O1 longitudinally spin-polarized due
V)

to parity violation in the weak interaction. These

" moons are stopped in a moderator (typically 800 Torr N2  o 2,5u 2.5.:>:>:>

or Ar) doped with a known amount (typically of order

0.11) of 02. A muoniLum atom in its triplet state

precesses in a weak transverse magnetic field with a 0'0 1 1

frequency of 1.39 MHz/Gauss. The MSR-technique observes 0 100 200 300 400 500 600

the time evolution of the muon spin precession by time- Temperature (K)

"'* differentially detecting positrons which are emitted FIGURE 1 Spin exchange cross section of Mu with 0"

preferentially along the muon spin direction at the 
_

of electrons with opposite spin directions between Mu sation on the surface of the aluminum target vessel,

and 02 disturbs the precession of muon spin and removes off-beam tests have been performed and no sign of con- .. ,',

" this muonium atom from the spin-coherent Mu ensemble. densation of 02 was seen down to 87 K. Condensation of

This spin exchange process manifest itself as damping of 02 or possible presence of cold spots in the vessel is

the MSR signal defined as S(t)-Ae sin(wt+ ) where A is inconsistent with the observation that even below 118 K

the initial asymmetry, w is the Larmor frequency of the observed relaxation rate is a linear function of 02

triplet muonium in a transverse applied field, 0 is the concentration. As for the possible formation of dimers

initial phase, and X is the relaxation rate which is (02)2, these would presumably be formed via termolecular "-"''*''"

*." related to the spin-exchange cross section ose(T) via processes and the absence of definite moderator pressure .

j" +102](l/2)fVose(T) where 1021 is the concentration dependence of ase(T) excludes this possibility. The

of Oz, f is 8/h for spin I oxygen, and V is the average quantity ose(T) is the thermal average of energy depen-

relative velocity of 02 and Mu. The relaxation rate was dent cross section ase(E). Therefore the observed

-,aured at various 0 concentration, and the cross strong temperature dependence in ase(T) at low tempera-

tin was determined from the slope of the A vs [0,1 ture could be attributed to possible resonance structure

in ose(E) for u0.

Th r..slt of the measurements is shown in Fig. 1.

ti ,oond to he independent of temperature from References

- t, '' K wi,1hti the accuracy of this experiment, 1. D.G. Fleming et al., J. Chem. Phys. 73, 2751 (1980).

inistent with a simple random phase approxt- 2. R.J. Mikula et al., J. Chem. Phys. 75, 5362 (1981). . .

wW t t-off interaction length. Below 118 K, 3. D.G. Fleming et al., Phys. Rev. 26, 2527 (1982).

r, i- t,, another constant value. The cause 4. m. Senba et al., Hyperfine Interactions 17-19, 703

r th, tr, section is not yet (1984).

z."- * . -. .

... ... .. ... .. ... .. ... ... .. ... .......



T39 347

PTn"T11' TM C.UAr'~TlU FLFCTRODYNAMICS

A. Karimkhodz.,aev 1 rich +, R.N. Faustov

Ilnstitute of Physics, P.O. Box 57, Belgrade, Yugoslavia Z
Tashkent State University, Tashkent, USSR-3

+Institute of Physics, P.O.Box 57, Belgrade, Yugoslavia
++VNICPV, .loskov, USSR

In recent years there has been a constantly -i is the everage of the excitation energy
growing interest on the structure of the S.C. ',.lth the reduced mass used and me is the elec- %~~
exotic atoms like ('r9a). (Te), (p1t) physical tron mass. r:
systems. The energy levels of the 0 1Jk) atomic In this approximation the hadronic effects

sytmhave been calculated up to the two-pho. :,ot included. There contribution would appear
on exchange approximation including the hadro- !rough the S-wave of the 91t- Tj scattering and

nic vacuum polarization effects9 . It is to be he measured volue of the Lamb-shift would
_ ointed out that the Lamb-shift measurement of rovide a more precise value for the statte-
stich system would provide an alternative infor 'ing lenght.
nation on thegTl-meson radius. In the previous The numerical value Lamb-shift is
publicat ion

3 
it has been shown that it would b*

possible in high energy accelerators to create W(As' - AWcZP) 1;jI 140-
gTj'1fj) atomic systems and to measure the life-
-,ime, the absolute square of the wave func-
ionP at the origin, and the Lamb-shift. References:

In the present note we show the result of
*he. calculation of the energy levels of pioniui 1. Coambes RT. et al. Phys.Rev.Lett v. 37,
in the framework of the quasipotential approacl. p. 249, 1176
~fthe Logunov-Tavkhelidze 4us ing one-photon Aronson S.l1. et. al. Phys.Rev.Lett. v. 48,

exchange approximation. The second order ef- p. 1048, 1982.
fects in the point like pion vertex function ?.Karimkhodzhaev A., Faustov R.N. Yad.Fiz. ..

and the electr-.n-positron vacuum polarization v. 29. p. 463, 1q79.
-ffects are included. i. Nemenov 1.1.. j'INR P1-84-385, tDuhna, 11131.

:'n( Lamb-shi ft of the p jonium reads 1i, Lornnv I n,.vkhel1i dze t.. N. JuJOV. ci-
\A/ 4v.3 9 , p. "80' 196'.

0v~S rWAP - #A )-+ Faustov R.N. IFisika eplementarnih s,-chast>
12 i atomnogo jadra, v.:A, p. 181, 197-,

ri. Atomizdat.

7 ~~ t -nm k

0127
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TOTAL SCATTERING CROSS-SECTIONS AND INTERATOMIC POTENTIALS
FOR NEUTRAl. HYDROGEN AND HELIUM ON SOME NOBLE GASES

David N. Ruzic* and Samuel A. Cohen

Princeton Plasma Physics Laboratory, Princeton, NJ 08544, USA
Present address: Fusion Studies Laboratory, University of Illinois, Urbana, IL 61801 USA

Measurements of the total scattering cross-section the beam, and nuantum-mechanical corrections for small-

for it, to 1900 eV 1) incident on He, Ne, Ar and Kr, and angle scattering were all taken Into account in the %

4to 9) eV He incident on lie, Ar and Kr are pre- effective-angle calculation.

sented. They provide a way to extract the interatomic If the problem is treated classically an analytic

potenti I Wer a narrow range in interatomic distances, expression for Ssc can he found assuming the interac- 4-* -n3

The potertials thus determined are in the repulsive tion is governed by a spherical potential V(r)=Kr.

w,,I re-gion, rouglv fl.s a to 2.0 .5depending on the

pair. Knowledge (if the cross-sections increase under- S . r (9-) (E)

utnptijn of edge effects, improve designs and models of and

c tot and pumped limiters, and refine calculations f1 2. 0

rf n ttrAl density profiles in fusion devices. 2trb I f dF d ( " "

The cross-sectinns are determined by passing
where 9mIn, 9max, 6d, 9dmin, and Odmax refer to scat-

energetic neutral atoms through a gas-filled scattering
tering angles in the gas cell that are generaly func-

cell and monitoring the attenuation as a function of
tions of position, incident and azimuthal scatteringp~ressure in the cell. A complete description of the =1/2 , ,,__

angles', and F(s) = w r(s/2 + I/2)/r(s/2). Note that
apparatsr has four dimensions: two angles to define the ci-

The source of the energetic neutrals is the charge

dent beam's direction, and the x and v dimensions of
exchange efflux from the Princeton Large Torus (PLT)

the scattering cell. The effective scattering angle,
tol'nak Th PL tokmakproes -second -shots" of -~-1tokamak. The PLT tokamak pr s " ff, can now be defined: aef=<3--/s> -s/2. To find

nea.rlv constant 2xl11
5 
atoms/cm

2 
efflux. The great 

."efl

s from the data, equation (1) can he put into linear
advanta e of us in the PLT tokamak is the purity of the
efu an.d the "'brightness" of the emission in the form and solved graphically. In principal K can also

he found hut the error associated with the extrapola-
desirod energy range. The energy spectrum is roughly

tion to find the intercept value of a logarithmic quan- ....
'axwllian with an average energy of 250 eV. No other

,,ir'e of neturals has comparable brightness over this tt i uelr. hv dylmso h
interatomic potential's range from the minimum and n.hirad enrergyv range. For this reaons tokamakq offer a -6..-..
maximum scattering cross-sections observed. The table

nqite "ethod for studying certain atomic processes. below summarizes the data:

The detector of the energetic neutrals is the

2lF incident,2
T.,,w-Fnergy Neutral-Atom Spectrometer (lENS)

2
. The LENS target 9ef s K(max) K(min) rmax rmin Ssc(A"

a a time-of-flight spectrometer with an energy range atoms (mrad) ±.n5 ASeV ASeV A A at 200eV

of 1' o' to 2000 eV for deuterium. The minimum detec- D,He 19.5±2.7 2.60 4.02 .662 1.3 .33 1.4±.l

tabhlitv threshold for denterium at 10 eV is l.Oxllo D,Ne 22.14.0 3.45 14.2 3.96 2.3 .71 4.7t.3

aonrs/cn
2 

eV 5 ster when the time re..lution is D,Ar 23.9t5.4 4.45 14.9 5.06 2.20 .81 4.8±.3
D/gr 247-V. %,2 12.4 when t.h0 time resolutio is I-s

Since the flux over a wide energy range is measured D,Kr 24.7±6.4 5.20 12.4 4.53 1.30 .84 4.6±1.0

He,He 19.5.-2.7 2.60 5.74~ .946 1.2 .3R 2.O-+.3

virtually simultaneously, and since elastic neutral- 1.

ne,ttral collisions dominate at these energies, the HeAr 22.64t4.2 3.70 28.4 8.6 2.4 1.1 6.5t1.0

He,Kr 24.1.-5.9 4.9o 47.5 16.9 2.2 1.2 7.5t.-1n." "

'4ptPe'dence of cross-section on energy for a particular ""21. 9' 45 9 .2 2'.

11,0r ,f atoms can he determined during one PIT "shot". Acknowledgements: This work was supported by the

What is acttally measured is 
5
sc(F), the averaged Fannie and John Hertz foundation and DOE contract

Seflrct ive-angle-dependent total scattering cross- #DOEC(2-'6-CHO-3n73.

section. It iSan averaged quantity because the scat-

tting cell has finite dimentison; it is effective- References:

anj,- dependent because deflections smaller than a I. David Nell Ruzic, Ph.D. Thesis, Princeton

certain angle are still detected. Further complica- 2. D .nieVss (nd84. Rev. Sic, Instrum. (9-
0. . F. Voss and S. A. Cohen, Rev._Sic.__________

tI ons arise from scatering events that add particles 53, 1696 (1982).
into the ham, Variation of pressure along the scat- 3. T. Amdur and J. F. Jordan, Advan. Chem. Phys., 10,

29 (1966).
t,-ing, path, beam divergence, scattering that adds to

I.-.- .-. ..
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BOU14D VIT'7S Oil C0i1'OLI'fE PA1LlCL.LS KI3NG -UA1IfUV FIi.LD rlhul!Y

1). 14. 'iripathiy

Institute of Physics, Cachivalaya M-arg, flhubanesuiar-/51t)O, India.

There has been a great oc,----_,.n using th.! operzctor,Iv> , the vacuumi F-tat'i and f2 ~ -,L

ctiods of quantum fietid thcory to the rtudy of state vector for the two i, slVp VI'

n. wd stLes of elementary particles both in hoving total motreritur. anld Con"Irr.F

IoltivirLic' and nonrelativistic
2 

;uatitawi define a difforptntial op alo(r , c

.,'ciicnics. i'his has bepnacij-v-j by solvinig tire S ko +4M.- L,
-t.iie-Salpeter equation for two-boci; problems, It cani be !c-down liii.

'oevc-r, vory little prorpress has been made on ti ~~a..,)~( 1 '
he ap licat ion of the Field Lheorotic techniques I h6f"t. u ft- I3

a wily tne bound states of ccii nosilte particles. Followino q7 nle Catfirl-rs

* u~lte scr..ctii, Q back Girardeau, through a 5ories _+~~ j, L (ie)X

.ipsipors ,i has developed a feccnd quantized ct-,14c, i,
rv.ulatj on ol' a ryr tee of cowposite pairticles JAbeing the rieduced rr'BS7 (,f the 1- 1, 1- 1, i

J lIi iti i,- the creatLion anid arm i d lo tion syr temr. I it i,'ouc inv the I z, I ive -i.'' -m ' Ilt0* .

Cr,( r Lte a tciaic specir;. lin tiijr mraFS tii. usi ;,nrd n1: i nf .t lion t 1.rj~ I. c: I

* > r c-cc hne has arrived at an o xpreac- i In for a i nrjV unj;jcC proI' .r Iv of lly- , ' c 1

* pc , toc Isjitonian which contains the inticr- hcji -it c-f El. 1 I pii Kj1- i o' I-

c0 t, : til int-actions V plus romte eff-ective ilit,,Oucijr Ile"i tv ~tc o

-r tciiic exchanp e imt, cac tiotis ,l -Finig out of cc, rd, no', I, a ,nd cc f'in, crp E."r Iv

.ic iwor5 of electrons arid noclel. in the prc'-,! iiit c- r (iw s:c f Ic-c e o'f

vi e ;i ply Girarcionus fori.al i o withi a; pr'pi-i- pFr i iea toil. %1'! a-l i f I U1ic7 'Il loll

w, dIjfic:. tions to -tuciy Iie imiodra. or ro x'p.-, *

V i re heIcotnc sv2

0 - I hyrtge tcith th jiti 7 tjic 1, r .1,,! Lvt~i atei to~ ;,p '' 1W o Ic .

* ~~~~ ~ ~1 .w chiwite inLefrcnci cvi 7nor li t i menergy P vi 'a ' iil ii j

ii:iV ,V, with thel Haii iil h. y t111 at t i ,!. in ) tr Ow., - of (r/i-~ ', I

i. hee i dentes thrces inth, tocc Gth biie identi , 'IVtii ed F, i,(Jf' j 1 P iiU~ ir in 1rtcI c1 1e

c-ien wtiose exprec-sicri in tertis c-f the tciiitcI3
f:irld cpf'ralt rs has 1- n vo,;n r irrlaiW ,tp fr , vtc, h h?1ij( e

.!k" oxpru-! -i on ft-c- V il, riv.'ic of C, it s- i t- II I p' i Ils if' I- I it

ire itA. I,, rwOJO 'n( 2) tcc cef, ib li~ t 1' h, -~ I ' -

-.-. "c-c, -i pr-rc-I; inordor to ticliVe Pt 'I!, iclc-'

,ij; _Pt.1n-i*~ 3)~ of lt'- intprat-icic -'c ,11171 ill fs' I" I 1-

deriucLon Li r wove fune triucc lir -it,, hytit ('Ci hv c-c ir '.'~c -, ren ic. cc fii' l''

t. ii,, h'/t-4 arid blti-'(ilrcc , n- ;,rd h11 lp Lip liP HaIi I Lt-i , l i r u ii'i''r icY' r' )iU Il

c-Bc s of tile elec tr-ull;l( li -i-n ii 1" p'i vpe

(2<iric

* ~ ~ ~ il' I* t, C, 1  " -t- crc-ccnch-site 'd I"( .1 iI.

* --Xide f.'"tncc (owl twc-hI' 'c t c- sP eliw'-i -- Ann. I" PY

A I~r~ii tt'it)]2FE1, ". u--,j 12 ,1 1 1

ill ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' _isyiinTdroe i( il i--r-rtf
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AOI E;SCTEIGWITH MAGNETIC ANALYSIS,

Diprtrneteilhsnsca E Luzzatti, F. Pirani and 0.0. Volpi

?7 U~~~. teractio otetween. a tars gasTal3,,2 1:>

r3.75 3.50

I" Mas .re totalg cross

:ntherepu lsive rezion. and for F-Xe in the attractive

srng tebehaviour of oxygen and fluor ine region. The F-Kr case is intermediate, the transition ta

t . a :uno-tion of the magnetic fielid strength king4 zlaee- in the well region for the ground state: this

:e 't,:t is possible to analyze th di- region govern- the rainbow structure in differential cross

;,f atonic stat-s in the beam un3. r various sect ion-s, and therefore a further analysis of the exneri-

nandt ;:.o and to detelrmnne the population mental data in Ref. 4 is required.

7erelativ.' nma-netic s-bievels. In cartio Ilar meta- Besides the interest of these resul's for the chara-

ux,.e tocs are not present inoonoiJtions used cterization cf weak ch-emical bonds, the knowledge of

x;atr pg*weriments. these inttrantionis, when used ]ointly with the previous-

We use b"asioa:%, the same ex.per :zental auparatus e- , Jevced theory of anaular momentumn counlsn-, schemes

S7: }sor~bed, '' with. a moticto hich has beer an4 -lecoupling approximations fratoms in P-states,

-. ntrcsi_-3e t avoiui .ocative e ff-ts of casual allows the comnutation o f intramultiplet mixing and depo-

x, -; .f geeral, cse~etl<ndition~s, suc:. as larization cross sections.j

I vi n partioul ar, t:.os in theml
REFERENCES

ar 0 !cre -atoms are: roue.In this .ay;

n.! p .M ,tof ;ualty of th,- soatterin; da- 1. V.Aquilanti, GOtiuti, F.Pirani, F.Vecchiocantivi and
0.0.Volpi, .I.Chem.Phys. CS, 4251I 1976).

**QIn eve;,~eca in the esteriments invol- IV.Aquslanti, E.Luzzatti, F.Pirani and G.0.Volpi, J.

r,-ss s ections fo-r .. sy;e:.-rare ;as Chem.Phys. 73, 1:61 (1980).
3, V.Nguilanti, E.Luzzatti. F.Pirani and 0.0.Volpi, Chem.

t 111, wide, velct ransev and wit:. Phys.Letters 90, 392 (1982).

-rnn7 prevnous exe~e.- "The a- 4. C.H.Becker, P.Casavecchia and Y.T.Lee, .I.Chem.Phys.

dat alow .arcte~ztin o e, 3'7 193, 70, (386b 1979). -
r vse Ji aI ow, a a t r, at o; , 5 . K.YiI1er, Dissertation, Max-Planck-Institut f~r Stro -

:, -'- ,I-e tir- 1±.; sxies around4 mungsforschung Bericht 1,1964, Gdttingen (1984).
6 . V.Agulants. G.0rossi and F.Psrani, in "Electronic and

Atomic Collisions" Invited Papers, XIII ICPEAC (North
Fi~lItotal r~s~, se t r; measurements Holland 1983) 441.

7. V.Aqu:iantl and 0.GOSSi, J.Chers.Phys. 73, 1165 (19830) ~~;t. mnorticseltor, ral.c'-d t'retarwit: rSic- ~ V.Aquilanti, P.Casavecchia, C.Orossi and .aaAT.7
-a : (i f r f ier - : t oi ros,, t 0, nt ral cross- Chem .Phys . 73, 1173 (1980).

At l-erene,:i- Jerv3. V.Ajuilanti, G.Grossi and A.Lagana, Nuovo Cimentc o

Sao''uat ewe enr-:.'s r(.<w. i-ri.''B, 7 (191).
- sstn~a or;tr'---fto-e- interacto::.s Letwen, florine

, m, ots unt:-' :;aM'' rare lases.

*For the- three lowest Iyi n,; states of t:,( fluorides of

3r7tn, kr-ypton and senor;, the t able shows, well depth

* ant ap 1;Lliiit-un distances rm, the accuracy neirng of the

ordJer of 1 meV for a nd of 0. 1 A forr

It is interesting to stress that, foraaysiisof data

fair the three rare gas fluorides, we were qui 'led )y t

cons iderat ions about coupling schemes descrirel it. Ref.6

.. . . . .. . . . . . .
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RADIATIVE RECOMBINATION OF KR 1(P)EXCIMERS

H. Schmoranzer, P. Wollenweber, K. Barzen

Fachbereich Physik, Universit~t Kaiserslautern
D-6750 Kaiserslautern, W.-Germany

With the view of a spectroscopic determination of NTENSITY

the interatomic potentials of rare gas excimers the va- 100 - -- -
Tanaka et al -

cuum-ultraviolet emission of krypton has been investiga- Absorption"'" ~Godea et al % - ;w.

ted previously in the spectral region of the second con- ission This ol.k

tinuum and the modulated first continuum
2 
in the red

wing of the 
3
P - 10 atomic line. At present further 10-1 -".--.'

details of the Kr emission spectrum observed in the blue Tvib -

wing of the first atomic resonance line will be dis-

cussed. Tb30OK lu(
3

PI) - O 05""

20 keY-electrons at a beam current of 250 1A were 10.2 . . ....

utilized for cw excitation of the krypton gas at 50 mbar 1230 1232 123/. 123 E
WA. EENGTH In,]

with impurities less than 30 ppm. The spectral resolu-

tion attained was 0.01 nm. The blue wing of the atomic FIGURE 2 Calculated lu(
3
P1) - 0+(

1
So) free-bound emis-

emission line at 123.584 nm exhibits three structures ofsion spectra in comparison with experimental
which the spectral positions agree with Tanaka's "unana-pw of continuum states assumed (Fig. 2). As input data the

4lyzed absorption bands" and more recent absorption mea- ground state potential known
5 

and the excited state poten-

surements
4
. The emission structures are displayed in Fig. tial described by point pairs

4 
were used, and a variation

1 as a difference spectrum obtained by subtracting an of the electronic transition moment was neglected within

exponential background. The weak structure at ,nortest the relevant interval of internuclear distance. - -

wavelengths (labelled 1) is observed at 300 K while it The calculated spectra can be seen to reproduce

disappears at 150 K. the experimental spectral positions of maxima rather

well. An additional broad structure around 123.17 nm is
COUNT RATE DIFFERENCE t10

3 
S

"
I

]

5 - predicted by the calculations which may be found at

Kr2  1 2 3 higher temperature.

30 3OK The structured continuous emission observed in the

krypton excimer spectrum on the short wavelength side

i - of the first atomic resonance line can be interpreted

to manifest the radiative recombination of an excited

Kr 5S 
3
P atom colliding with a Kr atom in the ground

0 o05 0o3 state. After emission of a vuv photon a dimer in the
n, nn,'

weakly bound ground state is formed. Furthermore the
0 . ..-.-. . . . . . ..-_ _ _ _

1232 1233 123 . ;23 E !23E aqreement stated between experimental and calculated
A,ELE, roT, :nrn1 Spectra corroborates the interatomic potential employed -

in describing the excimer state.
FIGURE I Emission spectrum of blue wing of KrI first

resonance line (exponential background sub- Financial support from the Deutsche Forscnungsge-
tracted) meinschaft under Sonderforschungsbereich 91 is grateful-

It is concluded that the modulated blue wing spec- ly acknowledged.

trum observed arises from the repulsive I 
3P,) state.

0
+u3 P1) as a hypothetical initial state can be excluded References

since a hump, necessary for explaining structure 1, in

the 0* potential curve is contradicted by experimental 1. H. Schmoranzer, R. Wanik, H. Kruger, Abstracts XI
and ab initio results

4 . 
Consequently a simulation of the ICPEAC (ed. K. Takayanagi. N. Oda; Kyoto 1979), p.

4
16

abni rsts osel si on f2. P. Wollenweber, K. Barzen, H. Schmoranzer, Abstracts " - -
free-bound emission spectrum ) - O( 1S) was per- XIII ICPEAC led. J. Eichler et al.; Berlin 1983), .339

formed by calculating Franck-Condon factors from the 3. Y. Tanaka, K. Yoshino, D.E. Freeman, J. Them. Phys.
59, 5160 (1973)

) 3 Pl) continuum to all bound vibrational levels of 4. X. Gadea, F. Spiegelmann, M.C. Castex, M. Morlais,
' and FCFs J. Chem. Phys. 7 , 7270 (19i3)

g' an by superposing the free-bound weighted 5. R.A. Aziz, Mol. Phys. 3', 177 (1979)
according to different thermal population distributions

a lo

. e-
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THE COLLISIONAL RELAXATION OF EXCITED-STATE ZEEMAN COHERENCES IN ATOMIC YTTERBIUM VAPOR • .

A. G. Yodh, J. Golub, and T. W. Mossberg

Department of Physics, Harvard University, Cambridge, Massachusetts 02138

technique
1

oed TABLE 1.
We have employed a tri-level photon echo technique-'-

to study the effects of collisions on excited-state z -z(..t2

Perturber ID (R2) 0 - -R2 z (2
Zeeman coherences in atomic Yb. Some collisions are D vcc tot -. '.%

He 89(7) 150(8) 239(9)
found to destroy (depolarize) the Zeeman coherences.

Ar 150(10) >681(25) 836(25)

Others leave the coherence intact, while changing the

velocity of the atom as a whole. Both Yb-He and Yb-Ar-------- '
During t3 , collisions that thermalize the popula-

collisions were studied. In the former case, cross- 3 32
tion of the P, manifold (depolarizing collisions) or

sections for depolarization and velocity changes were
that thermalize the atomic velocities (velocity-changing

measured, as was the spectrum of collisionally induced
collisions) can reduce the echo amplitude. A velocity-

velocity changes. Our experiment- together with two
3,4 changing collision that changes an atom's velocity by an -.

others recently reported , provides the first quanti-
amount larger than the modulation period, vm, will pre-

tative look at the role of velocity changes in the
vent that atom from contributing to the echo signal.

collisional relaxation of Zeeman coherences.
Our measured effective relaxation cross-sections,

We use three linearly polarized laser pulses to z represent the effect of collisions that de-

create an echo signal. The pulses excite different eff (t 21

21l 3 polarize or induce velocity changes larger than i/t2 1Zeeman components of the = 556nm, (6s )s0 - (p) I In figure 1 we show ze f(t 2 1 ) characteristic of

Yb transition. Effective collisional relaxation cross- nef 21

Sz the Yb-He system for various t2 1. Only depolarizing
sections,, z (t ), for the excited-state Zeeman co- teY-esse o aiu 1

eff 21 collisions, contribute to the measured cross-section,
herence were measured by monitoring the intensity of the
echo signal as a function of perturber pressure for D ' in the short t2 1 limit. For longer t2 1, both de- . C" - -

polarizing and velocity-changing collisions contribute -e.

va rious values of t2 1 and t32 . Here ti, represents the to z For long t represents the state's

time interval between the ith and jth ncc eff 212_

The first two laser pulses generate eight non-zero total quantum mechanical cross-section, 0 t . The

3 cross-section for velocity-changing collisions, z isspherical tensor moments in the P1 state. The q=l com- cc
ponents of the orientation and aligment the difference between t and D D A summary of our

alignmentnt are create tot nale1
with amplitudes that are modulated as a function of measurements is given in Table 1.

axial velocity with period v = K/t 21. The echo is In closing we note that our measurements, repre-
m 21

generated as a result of the interaction of the third sentative of the rank one and rank two tensor moments of

laser pulse with the velocity modulation in these the PI state show interesting differences with data

quantities. obtained in similar studies
3 
sensitive to the rank zero

moment of the same state. Future work is planned on .

300 this subject.

N This work was supported by the National Science

Z ~Foundation under grant PHY-8207080, and the Joint Ser=
o 250-

vices Electronics orogram under contract N00014-84-K-
0n f0415. A.C.Y. gratefully acknowledges support of Army

200- fellowship DAAG19-83-0008.0
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SCATTERING OF ORIENTED NE- ATOMS IN ONE 'J=2,fl 5 SAlIE \

Ch. Bender, W. Bteyer, H. Habterland, D. HauSamann, arid H.P. Ludescher

Fakultat f~r Physik, lniversitat Freithorqj, Germanv Cl

*One M level of the 'se(2p 53s,J=2) state can be se- ,.

lected, qjiven anI desired orientatinn, and scatteredt- . . . . . . .. . . . ...--
from another atom by the apparatus shown schematically *

inIi Fij. 1. Anelectron impart excited supersonic neon 0-%
bear, Is; crossed with a CW single mode d~o laser beam in (Z Ne* N;P ,~ + Ne B I v

o orqe f 00'; magniet ic field. The laiser Pumps a neon
5i p tiaiisit ion, which is followed b% cascade to L0
t ii i .o d ;tile. The liemari ',plitt inig - inicatedi ailiiie

tlu f1Tiiie - 'ov h; the 'dci tIt' reixoflil of
t  

M s tate. "

'Ii the etr 
t

i~~: a rotatrhili, magnietic V

ii1- q-I i lii Ii,' ;i I i,,lir

I, 
1' C " 1 r"t1 , Y h i f r n b

-t 't tI ]'' e Ic , ; the i I, it elj'Id~

'Itet-asr

if; triof ie the me

;"- t 1, i tf i hutd I( 1 t II th

-1, i I i it it: ,i0 Iu ii t Pi( of i. f Cre c s c i

ri i,~ 'it Ii lIF, of'~'ulfiii i the ro s sec t iii no

i0-tt t i T 11.1i - i 1 'It z, Il' p shown in I iq . 3.
11 t"' ,t1t,'it lo-nt 'it the initial orientatiiin

itI' ;ptii tih o ti li i't on(F of the Ne' heani ac; iii-
Ii I. fit,, - III line; ti;oie been) calculated 0 30 60 90 120 150

*...............i,ii i- t'liiik iiul-rMiuti ;' model.* whijch has
h-tt ilt t it t- i(l'' . Notep th 'i, ;t ruuiq H'l anti orierita- 0 '[e

Ii ut't'ir',,,' Jt tie diiftferenut ial cross sect ions.
whuich i-; up ti; a titor it 7. iths lockinqt radius obtain-
F-- fu t ) re; Iii''' (t ;I ;iI; not much different from thie clas- FI lG;ittf 2 Dlit terent iail cr s;net inniii t t fii ii' i

1, A1 I t o rnull, poinot . much nsma! let than) that for the Ps- th t dI f e r oit 1IT nt at e;t ind n ,ci Pii-,
c it el ri I k Il i n('v;e . A s;imp le p~h sIratI pictutre will be t at ii oi.

ipr 'ali. wtuict i t, ahlIe t o expla in ttui s unexpected d if -

f' eCM

e Me

"2

3V-

IGUtRF I Pr inc iple of the experiment . Ithe rot at able u'rinsse 1 oil.
magnetic field in the scatteringt center

*allows to vary the orientat ion of the 1-1
*states coot i nouslIy .



354 H74

THE INFLUENCE OF THE COLLISIONS OF %
METASTABLE ATOMS ON THE OPTOGALVANIC EFFECTS

HE Maoqi, WANG Guoyi, and WANG Zhaoyong

Department of Physics, Fudan University, Shanghai, CHINA

In hollow cathode discharge, the signals of opto- In the second case, the lower state of transition ,. .,_,;.-
galvanic effect depend on if there are the collisions itself is a metastable state. For instance, the is3, ., 
with metastable atoms. We studied systematically, in Is5 states of neon atom and the 3d

9
4s

22
D3/2 state of

the range of 5604A to 6340A, the change of optogalvanic copper atom are metastable states in correponding tran-

signals in sodium transitions without metastable atoms sitions. Then, the optogalvanic effects are positive

and neon transitions with metastable atoms respectively, when the discharge current is small enough. But with .-

observed that the convert current needed for changing the increase of the discharge currents, the optogalvanic

the optogalvanic signals from positive into negative signals will be changed into negative one by one accor-

will be descreased gradually when the lower state is ding to the collision and lifetime of the metastable

a metastable state to far from a metastable state. atoms.

There are also the saturation and non-saturation -"

phenomena in sodium and neon signals respectively. If the lower state of transition is not a meta-

stable state but there exists couplings with the nearby
Considering the various aspects of collisional metastable states in some extent due to the collisions,

* transfer, collisional ionization, optical excitation, the optogalvanic signals of those transitions in which .

collisional relaxation and spontaneous emmision of the the lower state is a little bit far from metastable

upper, lower and metastable states, we established an states will be changed firstly from positive into

analytical expressions for the optogalvanic effect and negative with the increase of the discharge current.

discussed various situations of the experiments with The magnitude of the convert current needed for such

these expressions. change depends cn how far the lower state is from the

metastable state. The closer from the metastable state,

If the lower state of transition is not relevant the larger convert current are needed.

to a metastable state, i.e. far from metastable state,

we can neglect the collisional exchange with the meta- The expressions we established for the optogalvanic

stable atoms. The 
2
p -9 3s, 4d transitions of neon effect are coincidence with these experiments satisfac-

aten and all the transitions of sodium atom belong to tory. This means the collisions with the metastable

this category. In this case, the optogalvanic effects state atoms play an important role in the optogalvanic

are negative, effect.

• .. ..

- . .. " ..
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Na -NOBLE GAS DIFFERENTIAL CROSS SECTIONS S

M. O'Callaghan and A. Gallagher
+  

"-*

Joint Institute for Laboratory Astrophysics, University of Colorado and * *. - .

National Bureau of Standards, Boulder, Colorado 80309 UTSA

,* Two-step optical excitation with co-propagating '-1. *.-

,'" laser beams is used to obtain differential cross sec- 4D J -

"." tion information for Na(3P /2) + Na(3P 3 /2 ) transfer due % -

to noble gas collisions. Na atoms of a particular v z  W

velocity are optically excited to the 3Pl/ 2 state, with

v -flto 2V thermal A second laser excites to the 4D

state atoms that have been collisionally transferred to 3P T .-.

the 3P3 /2 state, and vice versa. 330 nm, 4D * 4P * 3S /0(9)
cascade fluorescence is then detected. As shown dia- 3PI/2

gramatically in Fig. I, the vz distribution of

Na(3P3 2 ) atoms resulting from the inelastic collision W IVO

is observed by scanning the second laser. In Fig. 2 an

example spectrum is shown for He perturbers and n and

-2.n GHz detunIng of wI from 3SI/ 2 (F-2) to 3P3 /2 (F-3) ,

scans the region of the 3PI/ 2  4D32 transition. 3Sl/'

This method of obtaining differential cross sec- V

lion information has previously been used
I 

to study a
• ~rotationally inelastic cross section in CO2  Due to .''''

* Figure I. Schematic diagram of the spectroscopv used

" the angular and collision-velocity averaging in such a
to observe the collisional deflection.

cell experiment, the data represent an average over

differential cross sections. In an atomic beam expert- r

ment, currently under construction, the differential A -0 G -z A-0

cross section for elastic and inelastic excited-state
I GHZ

collisions can be observed directly. Beam experiments

,' based on similar methods have been used to measure
W

product-state distributions in atom-molecule U

collisions.
2

W
This work was supported in part by National

Science Foundation grant PHY82-OO805. - -0
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FINAL STATE DISTRIBUTION FOR Na(3Pj) + Na(3Pj,) . Na(nLj..) + Na(3sl/ 2 )

Steven A. Davidson, .1. F. Kelly and A. Gallagher*

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado Rn309 USA

Relatively good agreement exists
1
'

2 
for measure-

ments of the total rate coefficient for 3P + 3P - 3S + "-4F 3S4D+ 3S .%-"o.-=i
(OS or 4D). Those measurements did not, however, take -.-..

into account the effect of the .1 values of the 3P reac-

tants, nor did they determine the product states' -
value. In the current research, we have measured the

relative rate coefficients for producing the 5S

4D3/2, 4D5/2, 4F5/2 , and 4F7/2 states from different

combinations of Na(
3
P ) + Na(

3
Pj.) collisions.

The experiment was done in three steps. Step one '",l
involved populating 3P 1/2 or 3P3/ 2 and measuring inten-

sity ratios of 4D - 3P1/2,3/2, (4F+3D) * 3P 1/2,3/2' and

5S " 3P 32 fluorescence at [Nal - 2.8, 6.4, and 16 x. -

l012 cm
3 
. In the next step, conditions were the same E " .... -

and we measured the 4D - 3P fluorescence intensity from

a known ratio of 3PI/2 and 3P 3/2 density. In the third 5Ss3S

step we raised the sodium density to >2.5 x 1014 cm
- 3

where an essentially statistical mixture of the 3Pl/2 R-

and 3P 3/2 states occurred, and thus a large fraction of

collisions (-45%) are between 3Pl/2 and 3P 3/2 atoms. Stylized potentials for Na2.

Intensity ratios were taken as in step one.

The observed rate coefficients appear in Tables I

and 2; typical uncertainties are on the order of 10. Table I. Ratio of rate coefficients relative to

All measurements were made at Tcell - 640°K in a kss(3/2,3/2)-

stainless steel cell with hot sapphire windows.
1  

At j j, 5 4D/ 4D5/2 4F5/2 4F7-,.'

the sodium densities used, the vapor is optically thick __5q_1/2_4__ 3/2_4D_5/2_ 4F_/2_ 4F_7/2

and substantial resonance-radiation diffusion occurs. 1/2 1/2 3.2 1.3 1.9 0.96 1.4

This was not a problem since in steps one and three the 3/2 3/2 I 0.91 1.3 0.3q 0.44

intensity ratios are independent of 3P-atom distribu-

tion and in interpreting the data of step two we used
(and confirmed) the ratio of infinite slab D-line ef- Table 2. Ratio of rates from statistical mixture of - -..

S fective decay rates, as our cell has an infinite slab 3P 1 / 2 and 3P3 /2•

internal architecture. 51,I/2 4D 3/2 4D 5/2 4F S/2 4F 7/2 '-

Cascades from higher states have a negligible "
1 0.64 0.88 0.37 n.,43.effect on the 4D and 4F fluorescence intensities, but

the rate coefficient for the 5S state include 0.5 k5p.

This is expected to he a small correction to k5 s due to References

the large 5P state activation energy. I. .. Huennekens and A. Callagher, Phys. Rev. A 27,

This work was supported in part by National 771 (19R3). 7'.
Science Foundation grant PHY82-00805. 2. M. AllegrIni, P. Bicchi, and L. Moi, Phys. Rev. A ,

28, 1338 (1983).
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Bureau of Standards. (1951).

.,. '. - o

-...... .. ,......... ..... ,



,% .- ,.----" .%.-

H77 357 A

COLLISIONAL TRANSITIOTS B1'Y.'EN ATOEIC -TATE

INTERACTING VIA RYDBZRG CON T INU ! 4,a4,

G.K.Ivanov and G.V.Golubkov

Institute of Chemical Physics, Academy of' Science, Xoscow USSR

To describe atomic processes involving mo- ,

lecular Rydberg states 4' - ,
X + Y - (e- + XY+ ) - X'+ Y' (1) ° d.-".p- ,

the equation for the collision T-operator ob- In .he neiiihbourhccd of the isolate Y-
tained in /1/ is generalized in the follo.ving resonance ((;) assmes a faailiar Breit-Wigner

way (X = me =e=1) form.

*T= k rO ci 6 jryptoomf T- At the cnerZ.3 0 < 4E'W (4 is the vibra-

tionl quantu. of *7 + ) -'hen tlne simultaneous- ' 0 ,2/ '> A / Y T7 ( 2 ) _. . = .
" spopulation of the continuum "iritl, Ir -_ :n .

Here is the nuclei vib-: --, -' - ~t h e R y d b r f : e r r. i- t a V I s c c u r e s , -! c. ' ' ...--.1-
rational energy and E (IEI< 1) is the rela- obtain

tive energy of atoms X and Y (which are measu-

red from the zero vibrational level of XY+), - -

Ie> = fe' - , = r e ,% P e e
is the Coulomb radial wave function of zero 'e#/. - ,- , (5f

-energy, is the electron angular function

(in body-fixed frame), Yr, is the vibrational

wave function of the ion XY],  ..here +, K e i/(4t<, 0 e ,.

* KK+~V//V (3)
f K"+ vl s t Vi /, s 1. ". . '"" Y--.."I

where 7 i- the operatu2 of the interaction it is suitable to int:':Kue the robabiii-

between the electron and the ion core, is ties avera-ed uver ,.,e .'ecor.insz" -

the real part of the Green's function which - -'

describes the nuiclear motion in -the X + Y , ,2 /K .
(i-th) channel, is the electron wave j,/i/I 7 - ' (.

function of this channel, K/pd' v t= f06

where)" i- the nuclear -.

wave function o f _ -state at the energi E). ,'here

The first term in (A) ia responsible for
Acordini to (.)the 'I -uble inte-ccnfirun

* the direct interaction, the foliowing ones-

enfor the resonant (configuraticn) intercticn. tion tr..i:;ttion i2; nec rr focr the frstot--

"he eo.(2) encurus the unitarity ot. (the 'ia-t t-

matrix ( )3 = I - 2iT). The u-nm atrix is expres - in ( ' l - ... i po-u.on c"

sed through the K-matrix elements dufined a- te ydberr . . i. cr:. Ig' tin tran-'
sition is enough.

A'. , f"9g'%. "... ___.___

erer 'l .'>I =7 <Reference

[ 'l , , e 1. GoK.ovnov s.x '-.i.Golubkov, Chem.P1hys. .

e , e- Lett., c,261 (19-4)
Here, as vell as in /1/, all the necess-r-.' r.,-
rametero of the theory are recon=tructel fro.

the a-iabztic picture of terms. .-

For the process (1) proceeding through Ryd-
berg states with tf= 0 an f LOxede at ener"- .

E < 0 we obtain

I .. . ... . .

.-..
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358 TWO ELECTRON MODEL CALCULATIONS OF Li(2s-2p) AND Na(3s-3p) EXCITATION
IN Li-Na HIGH ENERGY COLLISIONS

Svend Erik Nielsen,
+ 
Martin Larsen

+ 
and John S. Dahler

+ +

Chemistry Laboratory III, H.C.Orsted Institute, University of Copenhagen, 2100 Copenhagen 0, Denmark
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, USA

A two-electron model of direct excitation in Li-Na contribution for two reasons, the high energy model it-1 " .. *w%. , ,

collisions has been developed based upon one-electron self discarding the phase factor modified exchange coup- ,.o s.,*

* model eigenstates of the separated atoms. The electro- lings, and the neglect of close-lying higher excited

oic scattering state is expanded in a valence-bond type, states competing with the Li(2p)Na(3p) channels.

antisymmetrized and translational phase factor modified, L Zy.-

two-electron atomic basis. The time-dependent Schr6din-

ger equation is solved by the impact parameter method
(5--

.assuming a rectilinear trajectory and constant relative

velocity of the heavy particle motion. Solutions of the w7
E

resulting close-coupled equations for the expansion ' S
coefficients have been obtained in the high energy limit __ 10--

for various sets of basis functions Li(2s/2p)Na(3s/3p),

involving single and double (simultaneous) excitation -

"f the alkali atoms. The aim has been to obtain first 5 \SO
estimates of Li (2s-2p) and Na(3s-3p) excitation cross EXPERIMENT "-.- ,. .'- °

sections and polarizations as functions of collision

energy, and to probe the details of the direct excita- a-.... .. ... . ......-- •--.-----

tion mechanism
2 

for quasi-two-electron systems. 5 10 50 (00 500 -000

Experimental studies of the Li-Na collision system
3  CENTER OF MASS ENERGY (keV)

have shown double-maximum structures for the Li(2p) and Figure 1

"-- Na13p) emission cross sections ,'/A in figure ) as .

functions of energy, tentatively interpreted as Massey-

maxima for single and double excitation. In figures 1 1 ----------- -

and 2 we compare the predictions of 5-state close- 08. Ecm= 50 keV SD
coupling calculations (S) including single excitation

06states only (Li(2p)Na(3s) and Li(2s)Na(3p)), 6-state 06".

close-coupling calculations (D) including double excita- 04
tion states only (Li(2p)Na(3p)), and 10-state close- 02
coupling calculations (SD) including single as well as ......

double excitation states. O
We notice (figure 2) the long range behaviour of

the double excitation probability 0t), and at small im- n 08 S/

pact parameters the strong enhancement of the double 06

.. excitation probability at the expense of Li (0) and Na

"+) single excitation (compare S/D and SD), indicating 04

an effective two-step mechanism for double excitation. 02-
*:'" The 5-state single excitation calculations (S)

predict the relative magnitudes of Li(2s-2p) and

Na(3s-3p) excitation cross sections ( 0/+ in figure 1) IMPACT PARAMETER (a ul

in fair agreement with the experimental results above Figure 2

10 keV. The absolute magnitudes, however, are too large

by a factor of two to three. The 10-state (SD) single References
1. S.E.Nielsen, M.Larsen and J.S.Dahler, Abstractsexcitation cross sections shown in figure 1 match the XIII ICPEAC (Berlin 1983), 336

experimental results at 50 keV within the experimental 2. N.Andersen and S.E.Nielsen, Adv.Atom.Molec.Phys. 18
265 (1982)uncertainty. We may expect the present 10-state calcu- 3. B.Bisgaard, T.Andersen, B.V.Sorensen, S.E.Nielsen and

lation to overestimate the Li(2p)Na(3p) double excitation J.S.Dahler, J.Phys.B 13 4441 (1980)

. . . . .
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EXCITATION AND DEEXCITATION OF ORIENTED ATOMS IN ENERGETIC COLLISIONS: %
TNE ROLE OF THE MASSEY PARAMETER

Nils Andersen+ and Svend Erik Nielsen"+

*+ Institute of Physics, University Of Aarhus, and Physics Laboratory II, N.C.Orsted Institute, Copenhagen, Denmark

+Chemistry Laboratory III, N.C.Orsted institute, University of Copenhagen, 2100 Copenhagen 0, Denmark

In recent years there has been considerable specu- Initial State Final States
lation about production/destruction o oretdatomic i.-*..-

*states in electron-atoml and atom-atom colIlisions, and

the physical origin of this orientation. For electron- 0.5
atom collisions this has been done in terms of repul-

1-3
sive and attractive forces. Low-energy atom-atom

collisions may be interpreted by molecular models. 
2
'
4  01

* This contribution addresses the excitation and deexci-1

tation of oriented atomic states in energetic atom-atom >

collisions. M0.5-

*In quasi-one-electron systems the excitation at WIs>

large impact parameters dominantly takes place via di-
5 0

rect transitions among the involved states. For the

* simple case of alkali ground state -resonance state ID
(ns-np) transitions in alkali - rare gas collisions one I*-
may as a first approximation limit the basis to the 0.5

*three (lab-fixed) states C's>, ID,)~> = (Ins>,

2 ( np>-ijnp >C, 2 (-Inp >-ijnp>CC). In this basis
3  0

* the mathematics and physics take a simple and trans-
Figure 2 z (a, U.)

*parent form: Denoting by e the rotation angle of the

internuclear axis (figure 1) one obtains the close-Snc cane by ti imisT aben

the effective interaction length of V) which is the

Mass-sy maximum rule. So when this criterion is fulfilled,

B V the '(7 > state is excited with nearly maximum probabi-

l Iy Ud)2while the f' > state is suppressed

since the phase C + 6) changes by -.

This and other observations are illustrated in

Figue 1- __I.>figure 2 for excitation and deexcitati n it. Ni-Hr. c-lli-

sions, followed along the trajectory. :nitia 21 dt:1n

d ~~~correspond torb 2.,..
coupled equations iv -a =A a for the scattering 1W cv

dz - =- andl V is the Bayli s model ptto t iai With the p~r'n
L ~~amplitudes a=(as, ae ak) where in usual notation coc fbssfntosC..'rr'tpt ae.

0 c cl f 2surprisingly large rdnipi va i N ry

Ix 1)00 A detailed discus;si n hs-l i.,n ,- rod): - it-

0 51
exp vE ) 0o 0 0i2 of vscitaticri nd exi~A A 1 . I

impact parjinoter and Poor ly wi)I

,.EC (r-t (+k +" U +)C-uss~dz, conference.
np ns v~- 11 00 5

lvn >mOl References
and - nP() V,

~Cn n>m >niVn0 iol U 1.- C~ M.Kohmoto ati U.F1;'lt A
U1 :<p1Vn 1-p 01Vn '2 11 00 p. AlJ(, an] 1. Phy'!. 14 Al

are matrix elements of the electron - rare gas interac-IV.et .
Prog. Phy,-. 1'),

tion V in the molecular frame of reference. 3 . N.Andersn, I..l- - H.K Li A ,. . *.

From these equations we can read several things: 1. A.BO)'Cq C .. ill ini .8.I)l

The excitation probability has its maximum when the A 312 211 (I0'l

phase C-' z e) is stationary during the collision. (16v

p7
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H(2s) vaRMATION IN NON-ADIABATIC GROUND STATE HYDROGEN ATOM COLLISIONS

B.M. McLaughlin and K.L. Bell

Department of Applied Mathematics and Theoretical Physics
The Queen's University of Belfast

Belfast BT7 INN Northern Ireland _

Rxme cnlos Mcoaulin imacd pel ara efomete caclton

0 s(AIIs(!6 4x vs
wxcas g uiprant. eea h first order exchangecaultosnttl0

calclaions pewef ormed witi hate sdrge arotmes Rueo- f L )ex{ ( iv(s s
N Is(EL)l~ 2 xp -2 -1

confirme aproati coul n ia ihitrmediae tro excanesxept(AsB+12

was uiportant. eoWhra a th fi00 oreer Teecaltosngets~~8 ep vs

oalculautin andforel cothnre th ates helohrs a ut g

menti of rxmto cnimdta electron exchange. NnadtoniTsneesr

tos cmonsdrath beffec aofth rottio of the e luier wihAN n prpiaenraiainfcos

15lear axi ureind theocollisn Thqise isncf mayi rI r the hound- x ydrogen 2s is staes

order to account for the reluctance of the electrons to The cross section for Is 2s excitation is then

follow the rapid rotation of the internuclear axis leaving given by

the electrons localised in space, especially at small Qis s

impact parameters ,i.e. close collisions.

To formulate and carry out calcullatiOns for a non- where

adiabatic, theory on cross sections for 11-11 collisions = -r a+~. . 2

frsn ormidable task. We have therefomre employed Q a,+ d 0

asi!-ie two-state syrmmeterised travelling atomic hasis

set, with Bates and Mc~arroll elecrron translational Calculations are in progress and results will be

;ac to rs w it h in t he t ime dependent i mpac t parame te r peetda h ofrne

.or:rnalI s 7-. We have used am travelling atomic basis set at .

presen t as opposed to the more natuaral and sophisti iated References

t r~ii Im Iin,- mmlc mlar basis set havine varimt ional ly 1. N.M. McLaughlin and K.L. Nell, J. Phys. B.: At. Mol.

opti iievd switchin: tunctions, icf (rothers and flughes"',1 Ph:.1,39 18)

inters mmdTod 3sm s o povie abechmrk or2. B.M. McLaughlin (1983) Ph.D. thesis, Time Queen's
University of Belfast, Northern Ireland.

tmLi tir,. 1l mul at ions .1 . B t s a d R3. DR. ate an B.MeCarroll, Proc. Roy. Soc. Lond.
Ir H -2x:or7n..m r on the c ros s sec tions depends on A245 , 294 (1958).

thc iuitiurm .: the electron exchangec matrix elements 4. 1.S.F. Crothers and J.G. Hughes, Comm-cots At. Mol.

x ,t h ic-i r In, -ipu ta t imuna IIv Ifi tFf icu*i t to eval1uate. Phvs. 15, 15 (1984).

I<l ti -st i ,t t hesev ec ne mat r ix velemen ts S. D.S.F. Crothers and J.1;. Hughes, Proc. Roy. Soc.
Lond. A359, 345 (1978).

biL.tfiI !w, ,L- I t rmn r Imexchange -iatrix elements.
bl1 . D.S.F. Crothers and N.R. Todd, J. Phys. B.: At. Mol.

t- I-1 twn c ron "X, hammmg matrix elements may he h'hvs. 14. 2233 (1981).

I I I It A 1. 1-at 1v 1 m> 1 1 mmit T thuld 0m: Green c t ml tin I ike 7. Green T .A . Stanley II .E . and Chiang You-Chien, HeIV.
.< I~~. j, it vmmmt i In m ade by; Bit ch i v Phys . Acta 38, 109 (1965).

litiru mnt t 21 rodmm im inhi-i8. Bi. Ritchie, Pbys. Rev. A2, 759 (1970).
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LYMAN-ALPHA EMISSION FROM LOW-ENERGY H COLLISIONS WITH RARF-GAS ATOMS*

B. Van Zyl, M, W. Gealy and H. Neumann

Department of Physics, University of Denver, Denver, Colorado 80208, USA "

Excitation of ground-state hydrogen atoms (H) to these cross-section values from the measured results

the 2p state in collisions with rare-gas atoms was for total L. emission reported here allows the direct " - .

examined by observation of the Lyman-alpha (L,) emis- 
2
p- state-excitation cross sections to be determined.

sion resulting from the interactions. The H-atom en- For H + He collisions, more than 90'/ of the ob-

ergy range extended from below 0.05 to 2.5 key. served L., emission results from direct excitation of

T1he H atoms were produced by photodetachment of the 2p state for all H-atom energies. The 2p-state-

electrons from H- ions, which were collimated into a excitation cross section is about 5 x 10
- 17 

cm
2 

for

beam of the desired energy and trajectory prior to the H-atom energies above 0.1 keV, below which it drops

photodetachment region. The light source employed was rapidly with decreasing energy.

a yttriim-aluminum-garnet laser (1064 tnm) operated in However. for the other rare-gas targets, cascade

a 507, duty-cycle mode, with the H- ions traversing the population of the 2p state is an important contributor

laser cavity.
1 

After deflecting the remaining H- ions to the total Ld emission. For H + Ne collisions. cas-

into a collector, the fast H atoms entered a target cade population of the 
2
p state from higher ns states

cell containing low-density rare-gas atoms, accounts for about 40% of the total Lc emission for H- '-e

The L. photons were observed at 900 to the H-beam atom energies in the I keV range. The 2p-state-exci-

axis with an absolutely-calibrated detector consisting cation cross section for this reaction is the smallest

of a LiF gathering lens. a broad bandpass interference observed.

tiLter, a narrow bandpass 02-gas-cell filter, and a For Ar, Kr, and Xe targets, cascade population of

solar-blind photomultiplier with a MgF2 window. The the 
2
p state from higher nd states is the dominant

polarization of the emitted L. was measured by insert- source of Lea for H-atom energies below about 0.5 keV.

ing a Brewster-angle-mounted LiF window in front of For these reactions, the 2p-state-excitation cross

the photomultiplier tube. sections reach maxima close to 10
- 16 

cm
2 

for H-atom

The photon detector was calibrated absolutely by energies near 2 keV but exhibit secondary maxima at

observing La from H + Ne collisions as a function of energies below 0.1 keV as well.

distance into the target cell. For H-atom energies in The polarizations of the L, emissions generally

the 1.5 keV range, collisionally excited H atoms from ranged between about 0 and 0.1 for most reactions and

this reaction are formed primarily in ns states.2 For did not exhibit a strong H-atom-energy dependence.

n 1 3, these ns states have long radiative lifetimes The exception was H + Ne collisions, where the polari-

and decay preferentially to the 
2
p state, causing the zation exceeded 0.2 for H-atom energies below 0.2 keV.

L. signal from such cascade processes to increase with These positive polarization values indicate that the

distance into the target cell. Because the cross sec- mR = 0 sublevel of the 
2
p state is more heavily popu-

tions for excitation to the 3s and 4s states have been lated in the collisions than the m1= +1 sublevels.

measured previously,
3 
and those for higher ns states

can be estimated by extrapolation with a simple model, References ...- -

the absolute amount of this L, signal increase with 1. B. Van Zvl, N. C. Utterback, and R. C. Amme, Rev.

distance can be calculated. Comparison of this calcu- Sci. Instrum. 47. 814 (1976).

'ated result with the measured L. signal increase with 2. B. Van Zyl, H. W. Gealy. and H. Neumann, Phys.

distance into the target cell gives the total detector Rev. A (to be published).

efficiency to within ±14, uncertainty. 3. B. Van Zyl, M. W. Cealy. H. Neumann, and R. C.

The cross sections for Balmer-alpha and Balmer- Amime, Proceedings of the Thirteenth Internatioal

beta emissions, which result largely from ns -, 
2
p and Conference on the Physics of ElectroniL and Atomic

nd -# 
2
p hydrogenic transitions, for H-atom collisions Collisions (Berlin. 1983), p. 33S.

with all rare-gas atoms were reported earlier. Thus,

the cross sections for 2p-state population via these "Supported bv the Aeronomv Program. Division of Atmo- -. -

cascade processes can be computed. Subtraction of spheric Sciences, National Science Foundation.
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ELECTRON-SPIN SPECTROSCOPY IN PENNING [ONIZATON WITH He(2
3
S) METASTABLE ATOMSt

L. G. Gray, R. S. Keiffer, J. ,. Ratliff, F. B. Dunning and G. K. Walters
Department of Physics, Rice University, Houston, Texas 77251 USA -.

Studies of spin dependences in Penning ioniza- reactions must proceed via the so-called exchange

tion reactions of the type channel

He(2
3
S)it+} + Cs{+)

He(2
3
S) + X * He(lS) + X+ + ... He(1

1
S)+ + Cs+ + e ft} (2)

are being used to probe the dynamics of this in which the Cs valence electron tunnels into the

process, and to identify the channels through which core hole of the 2
3
S atom with simultaneous ejection

ionization occurs. In the present work the elec- of the 2s electron. For Rb the ejected electron

irons on the He(2
3
S) atoms are spin labelled and the polarization is significantly lower indicating that

polarization of the ejected electrons is determined, other, non-spin-conserving, ionization channels must

The apparatus is described in detail else- be operative. This confirms the conjecture of

where. ,2 Briefly, a microwave discharge is used to Johnson et al.
3 
who noted that a number of Rb auto-

generate He(2
3
S) atoms in a flowing helium after- ionizing levels of configuration 4p

5
5snt lie close

glow. The 23S atoms are optically pumped to prefer- in energy to the 2
3
S level and suggested that

entLialLy populate either the Mj(M) = +1 or -1 Penning reactions might proceed via energy transfer

state. Target gas is then introduced downstream to a core-excited state followed by autoionization.

into the afterglow leading to Penning reactions. Spin-orbit coupling in the 4p
5 
core can lead to a

The resoltant electrons are extracted from the loss of spin polarization through polarization of

afterglow through a differentially-pumped aperture the orbital moment, resulting in a reduction in

and their polarization measured using a Mott ejected electron polarization. Penning ionization

polarime ter. via autotonizing channels may also be possible for

The polarization of the 2
3
S atoms resulting K, although only a few X autoionizing states lie

from optical pumping is determined by injecting sufficiently close in energy to the 23S level. The

argon into the flow tube and measuring the polar- data suggest that such a channel might he operative

ization of the Penning electrons. Since Penning for K, ht to a such lesser extent than for Rb.,. ' .

reactions involving argon are known to conserve The molecular targets listed in Table I were

spin, the extracted electron polarization equals the selected because energy distribution measurements' -.

initial polarization of the 23S atoms, typically showed that Penning reactions involving these

31Z. speci.s -on proceed via an ionic channel. The

The polarizations of the electrons produced in present dcta show that reactions do proceed by other "" "

Penning reacLions with a number of target species, than the exthanve channel and further work is in

normalized to an initial metastable atom progress to determine the relative importance of the . .

polarization of 100%, are shown in Table I. exchange and in, channels.

Table I. Polarization of electrons References

produced in Penning reactions involving 1. L. G. Grav, K. W. Cihersor, Chu Cheng, R. S. . . -

polarized He(2
3
S) atoms Keiffer, F. B. Dunning and C. K. Walters, Rev. . . .

Sci. Inst., 54, 271 (1993).

K Rb Cs 02 Cl CF Cl 2. 1 J. Keliher, F. B. Dunning, 4. R. O'Neill, R.

2 3 D. Rundel and G. K. Walters, Phvs. Rev. A, 11,

93 71 100 i1 74 90 1271 (1975).

. 7% 1 9" ± 5% 1 5% ± 3% ± 4% 3. C. E. Johnson, C. A. Tipton, and 14. C. Robinson,
.1. Phys. B, I1, 927 (1978).

4. 0. Leisin, H. Morgner and W. Muller, Z. Phvs. A,

Consider initially the data for the alkalis. 304, 23 (I82).

In the case of Cs the ejected electron polarization

is equal, within experimental error, to that of
Research supported by N4SF under grant #PHYR4-00709.

the 23S atoms. This indicates that Penning

- .- . .. . -

S. .. . . . . .
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RARE GAS METASTABLE-METASTABEL MODEL POTENTIALS AND
ASSOCIATED PENNING IONIZATION CROSS SECTIONS

DAVID HUDSON

White Oak Laboratory, Naval Surface Weapons Center,
10901 New Hampshire Avenue, Silver Spring, MD 20903-5000L,;-. --,

The interaction potential and Penning cross sections The present work first directly applied Ferguson's

for processes of the type: technique, where the necessary data in the form of

X(i)* + X(j)*.)X(i) + X(j)+ +e scalar dipole polarizability was availble, to cases

are of considerable scientific and technological interest, where experimental results existed. Again, agreement is

The case where the X's are rare gas metastables, are the found to be unexpectedly good. The discrepencies lie in -. ,.

only reactions, which to the author's knowledge, have the 10-50 percent range.

been experimentally and theoretically studied. Several Next, by taking advantage of the available well

pairs have been studied experimentally by Neynaber and depth information from Neynaber's work and the one po-

collaborators (1,2) yeilding not only cross sections tential curve from Garrison et.al., various model poten-

but, also an indication of the Potential well depth. tials were created.

Theoretically, the situation is worse. Apparently the These model potentials are used to compute a semi-

only quantum calculation to yield a resonable cross sec- classical momentum transfer cross section. The phase

tion and potential curve is the work on He* + He* by shifts are evaluated by the Clenshaw-Curtis quadrative

Garrison et.al.(
3
). However, many years ago, Ferguson technique.

observed (4) that the classical momentum transfer cross A comparison of these results, the primative results

section assuming a modified Buckingham potential gave an and experimental values is presented. An attempt is made

unexpectedly good value for the He* + He* reaction, to explain why such good agreement with experiment is

obtained. Emperical rules for the region of safe use for

this approach are considered. Finally, a discussion of,. . -

the extension of the method to other atoms and excitation - --

states alonq with Preliminary results are presented.

References

1. Neynaber, R. H. and S. Y. Tang, J. Chem. Phys. 72
5783 (1980).

2. Neynaber, R. H. and S. Y. Tang, J. Chem. Phys. 7 2
6176 (1980) and references therein.

3. Garrison, G. J., W. H. Miller and H. F. Schaefer, J.
Chem. Phys. 59, 3193 (1973).
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PENNING IONIZATION CROSS SECTIONS FOR COLLISIONS OF He(2 '3S) WITH ALKAI.I ATnmS:

COMPARISON OF TH4EORY AND EXPFRIMFNT

K. F. Scheibner,* J. S. Cohen,
t
* R. L. Martini* and N. F. Lane*

Physics Department, Rice University; present address: Joint Institute for Laboratory Astrophvsics,
University of Colorado and National Bureau of Standards, Boulder, Colorado RO3) and ITniversitv of Colorado,

Colorado Springs, Colorado P0933 USA
t
Los Alamos National Lahoratory, Los Alamos, New Mexico "7545 11SA

Experimental measurements
] 

of ionization rates present study to consider the more difficult Prohle. -

3.1
for collisions of Hel23S) atoms with alkali atoms show of Hel21' S) + K. In this case there are several

a trend of increasing ionization rate in the series core-excited, atomic autolonizing states which ran

sodium, potassium, rubidium, in marked contrast to the have an important effect of the measured ionization

.... t']ey rate observed for cesium. Johnson et al. rates. The techniques of Cohen et al. are modified

suggest that the measured ionization rates for K and Rb to correctly include the influence of these additional

may -ontain important contrihutions from indirect pro- channels.

,-rses such as core excitation followed hy atomic auto- The calculation of the cross sections involves - ....

i,ization: five steps: (I) a spin and svmmetrv Hartree-Fkcl cal- -

He(23s) + K(3p 4) - Ne(l S) + K(3p sn) culation of the ground state of KHe; (2) a CI calcula-

tion of the resonance states which dissociate into the

Some souch cure-excited states are nearly degen- appropriate atoms and ions [e.g., into ie(2? S) + T T

erate with the separated-atom states of He(2 S) and (3) partitioning of the uamiltonian to define a reso-

cround-state K ,r Rh. For Na, however, the energies of
nance space and a continuum snace followed hv construc--

these core-excited states lie 1 to 20 eV higher and tion of the 1. width matrix elements; () qtieltie "- - -.

this ire not expected to participate in the ionization imaging which ylds continuum normalized widths: (". " -

process. Furthermore, for Cs this entire series [i.e., use of the resulting ontical potentials to calculate . - -

Cs(PSphsnl)J lies Ahout e helow the Initial elec- complex phase shifts which yield the asorotion rr'" .

tronic energy of the system and is therefore out of sections.section%.

resonance (at least initially). Of course, there are
By selective modification of the parrttoning- I

other core-excited states of Cs which could become in-

volved Including the energetically accessile first scheme [cf. sten (3) ahovel we are ahle to exnlicitlv

excited sate ofC+. examine the role of the core-excite atomic autoinoi7- . - -excited state of Cs •

ing states.
The experimental ,bservations raise interesting As a corollary to the shove study we h~ave also .U

hasic questions about the relative roles and physical As a " '"e

calculated the electron energv distrihutions nredicrer'
dynamics of two types of ionization processes, i.e., hohv the critical potentials for hoth the ue(21'3' q *
those irvolving molecular autoionizing states and those

and "P(e
1 '3') + V svten.

Involving atomic autolonizing states.

A previous study
2 

of the He(2 ' 3S) + Na system, 
5
Wk sunported by vq . lent, of F'neric-Wor supote .v ".q..p. fwn

which successfully combined modern I. methods with 
5

4ork supported in part hv r. r. pept. i' vner;,v

Stieltles Imaging techniques, yielded optical poten- (rises).

tlals for the relevant states and theoretical cross

sections that agree well with experiment. Pe¢,renc. "

1.C, V, lohen , r. A. Tiptoe and ti. ( Wonsoo , i.
Fncouraged by the favorahle rest I ts of thi 0  I V r. h 2,Phys. P II,* (l' Cit-e'.."" - -

i.ar I ..r stud:' (where the cre-exci ted states ire nt . P. . . h., .. . Mrtin n- '. T .... . '-"."
Pee. A Al,lrse,

imprtant to the Ionization process) we undirto, the

Ir~
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IONIZATION OF NEON IN COLLISIONS WITH He*(2
3
S)

Toshio Tsuboi,*+ and Keith T. Gillen+

+ International Academic Center, Tokyo 2-12-5, Japan '

+ Chemical Physics Laboratory, SRI International, Menlo Park, CA 94025 USA

The excitation energy of He* (23S) is not suffi- In supplementary experiments we have also measured

cient for Penning ionization of Ne at thermal ener- the ratios of total slow ion production rates for

gies. However, for higher collision energies, He*(2
3
S) collisions with various target gases including

calculations' using diabatic state correlation diagrams Ne, He, and Ar. The cross section for ionization of Ne

show the incoming potential to cross into the continuum is substantial, varying from -15% to -30% of the cross

at internuclear separations of - 1.5 A. This could section for Penning ionization of Ar over the energy

yield substantial ionization of the Ne target in an range 100 eV - 500 eV. Penning ionization of Ar is

electron exchange process akin to Penning ionization, thought to be the dominant component of the 1 10 A
2

total destruction cross section
2 

for He*(2
3
S) + Ar in - -

We have examined Ne ionization processes in this
this energy range. The cross section for ionization of

system using a delayed coincidence technique to measure

the double-differential scattering of the fast product He is at least an order of magnitude smaller than that
of Ne.

He. A fast He*(2
3
S) beam, produced by near-resonant N

charge transfer of He
+ 

in Na vapor, crossed an effusive The ionization process can be understood in

Ne beam; around the intersection volume rotated a analogy to the system He*(2
3
S) + He studied

3 
previously

Channeltron that measured the angular distribution of with different techniques. The incoming He* + Ne

scattered fast atoms. In a direction perpendicular to diabatic
1  

state cuts through the lowest He + Ne + e-

both beams product Ne+ ions were accelerated to a continuum state at -1.5 A; the high density of Ne

*second Channeltron. The time delay spectrum between excited states (relative to the He* + He case)

the particles detected on the two Channeltrons yielded increases the probability for diabatic transit into the

for each scattering angle 8 of the He a time-of-flight continuum where ionization can occur; this results in

spectrum for the He product of the ionizing collision the larger total ionization cross section for Ne. The

major feature at AE - 3 eV can result either from

He*(2
3
S) + Ne * He + Ne+ + e-. ionization at the passage into the continuum or from

population of He-(ls22s) + Ne
+ 

states, with the He-

Elastically and inelastically scattered he*(2 
3
S) from stabilized in the field of the Ne+ until the asymptotic

non-ionizing collisions was not time-correlated with region where the ion-pair curve rises above the

the Ne
+ 

signal and yielded only a uniform background in He + Ne+ + e- continuum and autodetaches. As in the

the coincidence spectra. He* + He system, the observed scattering at small

Measurements have been made over the laboratory angles can result from attractive interactions in the

energy range 100 eV < o  400 eV. Below a reduced outgoing product ion channel that partially compensate

- for the repulsion in the incoming channel. The second f
scattering(shifting) feature is consistent with ionization peaked400e-

are only two major observed features in the coincidence

spectra. The most prominent feature at all scattering at the inner turning point of the collision on the

incoming diabatic state; both the scattering angle and
angles occurs at a heavy particle energy loss

(endothermicity) of - 3tl eV, implying the release of a the electron energy (and resultant energy loss)

increase as the distance of closest approach decreases.low energy (1-2 ev) electron in the ionization pro- hl:..;

cess. An additional feature separates in energy from This work received financial support from the National
Science Foundation.

" the 3 eV feature at small angles and shifts gradually

to higher endothermicities as the scattering angle References

increases. The reduced angular distribution 1. J. C. Brenot, D. lhuicq, J. P. Gauyacq, J. Pommier,

do V. Sidis, M. Barat, ind E. Pollack, Phys. Rev. A
p (- 8 sin 8 ,) for ionization is relatively flat for 11, 1933 (1975).
50 <- < 1000 and decreases gradually for larger 2. J. T. Moseley, J. R. Peterson, D. C. Lorents, and

scattering angles; any angular threshold for the loni- M. Hollstein, Phys. Rev. A. 6, 1025 (1972).

3. K. T. Gillen, J. R. Peterson, and R. E. Olson, "- •" ""
zation process must occur below 50 eV-degrees. Phys. Rev A. 15, 527 (1977).
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LASER-ASSISTED IONIZATION ON He (2 , 2 S) + He(IS)

COLLISION SYSTEM

P. Pradel, P. Monchicourt, D. Dubreuil, J. Heuz6 ..-.

J.J. Laucagne and G. Spiess

Service de Physique des Atomes et des Surfaces, CEN/SACLAY
91191 Gif-sur-Yvette Cedex, France

Laser-assisted collisions can be defined /I/ as by collisional ionization and iii) collisional excita--

processes where photon absorption is made possible only tion of He* followed by photoinnization, have been in-

in the course of a collision between two atoms, whereas vestigated and cannot account for the measured additio-

it is not possible when these two atoms are far apart. nal ion contribution.

The observed bound-free assisted process is The energetic dependence of the two cross-sections

He (21S, 2 S) + He(I s) + 1iw -He+(1 S)+He (I S)+ e-(l) 
0
d and 4r have been obtained in the energy range of

The photon energy hW = 3.49 eV is chosen so as not to 25-100 eV in the center-of-mass system, and have been -- . -

be resonant with any atomic transition. The He(1
1
s) atom compared with their theoretical behaviour; these results

acts only as a perturber which shifts the He
t 

levels will be presented at the conference.

, and allows photon absorption. Figure I shows the poten- I. L.I. Gudzenko and S.I. Yakovlenko, Soy. Phys. JETP

* tial curves of He* 2 and He* systems /2, 3/ together 35, 877 (1972).

" with the field-dressed curves for one photon absorption. 2. R.P. Saxon, K.T. Gillen and B. Liu, Phys. Rev. A 15, %

* Ionization becomes possible for approximately R/ 2A. 543 (1977).

Our working energies allow field-free collisional 3. S.L Guberman and W.A. Goddard III, Phys. Rev. A12,

ionization via a diabatic channel /4/ 1203 (1975).

4. K.T. Gillen, J.R. Peterson and R.E. Olson, Phys. Rev.
He (21S, 23S)+He(IIS) He

+ 
02S) + He(lIS)+ e- (2) A15, 527 (1977).

5. P. Pradel and J.J. Laucagne, J. Phys.(Paris) 44, 1263The value of the cross-section a d Of reaction (2) (1983). .

permits a determination of the cross-section T- for the
a

reaction (I). The experimental work is performed for 2

kinetic energies 50 eV and 35 eV in the center-of-mass 9

system. [

*"" The He beam comes from a charge-exchange reaction

between an He
+ 
beam colliding on a cesium target /5/. '

Charged particles ererging with Het atoms from the Cs .

cell are removed out off the beam by a transverse elec- F.Si.,'

* tric field. This neutral beam is then incident on the

He gas target cell. He
+ 

resulting from reactions (I) or

-. (2) are charge-analysed by a transverse electric field I
'. and then are incident on a detector. In the interaction

chamber, the let beam is crossed with an orthogonal

laser light beam (3rd harmonic of a Nd:YAG laser.),

i355 nm, IN8x10
6 

Wcm 
- 2

. The ions correlated with the

laser shot (via the process (I) ) are superimposed on

the background diabatic signal from reaction (2). For

E ECM
50 

eV the laser correlated ion peak is equal to the

diabatic signal. In the same way for ECM-
3 5 

eV the as- Figure I - Relevant potent ial I nd He,
sisted ion peak is 2.5 times larger than the diabatic Broken lin. i t, F dressed

one. 9-d increases with increasing energy by approximate- potential

ly a factor 1.7; on the contrary a decreases by a
a

factorvO.5 showing that the colliding system exhibits

% a completely different kinematics when illuminated by

the laser light. Competing reactions such as i) two

photon-ionization ii) photoexcitation of Het followed .9

7" -- •2... . 6
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ELECTRON SPECTROMETRIC STUDY OF IONIZING THERMAL ENERGY COLLISIONS

OF Ne(4s,4p,4d) ATOMS WITH Ar ATOMS

T. Bregel, W. Bulert, J. Ganz, K. Harth, M. Raab, M.-W. Ruf, and H. Hotop

Fachbereich Physik, Universit~t Kaiserslautern, 6750 Kaiserslautern, FRG

In our program to study in detail ionizing thermal electron to the continuum. Electron angular distribution

energy collisions of excited rare gas atoms with atoms effects, now under investigation, may also, at least in

and molecules, we have previously reported on reactions part, be responsible for the low Ne(4d) signal at our

involving state-selected metastable Ne(3s P2  ) and detection angle of 600 relative to the neon beam direc- .

laser excited Ne(3p J=1,2,3) atoms
1
-6. We have now ex- tion in the plane of the neon and laser beams. A

tended these studies to the higher excited short lived This work has been supported by the Deutsche For-

states Ne(4s,4p,4d); here, we report our first results schungsgemeinschaft (SFB 91).

obtained in thermal energy(Erel=60 meV) collisions with

* Ar.

A collimated metastable Ne(3s 3P2) atom beam is References

transversely excited by two anticollinear single mode 1. H. Hotop, Electronic and Atomic Collisions, N.Oda and

cw dye lasers, both linearly polarized parallel (n1,) K. Takayanagi (Eds.), p.271, North Holland Publ.,1980

or perpendicular (z±) to the relative collision veloci- 2. H. Hotop, J. Lorenzen, and A. Zastrow, J. Electron

ty, to the Ne(4s 
3
F4) state via the Ne(3p 3D3) state. Spectrosc. Rel. Phen. 23, 347 (1981)

Spontaneous emission from Ne(4d) leads to significant 3. J. Lorenzen, H. Morgner, W. Bul3ert, M.-W. Ruf, and

populations of the Ne(4p 3D3) and Ne(4s 3P2 ) state. The H. Hotop, Z. Physik A 310, 141 (1983)

relative time-integrated excited state densities N are 4. W. BuBert, J. Ganz, H. Hotop, M.-W. Ruf, A Siegel,

estimated from the rate equations and A-coefficients to H. Waibel, P. Botschwina, and J. Lorenzen,

be N(4d):N(4p):N(4s) Z 4.8:4.4:1. Electrons released Chem. Phys. Lett. 95, 277 (1983)

in ionizlnq col',s' , ,t ne various excited states 5. W. BuBert, T. Bregel, J. Ganz, K. Harth, A. Siegel,

with Ar ie , j, :ed with a high resolution M.-W. Ruf, H. Hotop, and H. Morgner, J. de Physique

- : . e :pal spectrometer. Fig. 1 (Conf. Series), Proc. of "Collisions in a Laser Field"

. e spectrum due to reactions of the March 27-30, 1984, in press

,- ontributions are fully resolved 6. W. Bul3ert, T. Bregel, R.J. Allan, M.-W. Ruf, and

+ c Ar+ 2 H. Hotop, Z. Physik A 320, 105 (1985).re components due to r ( P3 2

. .. n of the low energy edge
1
'
2 

of D 0. Hausamann and H. Morgner, Mol. Phys. (in press) -

:J, .iin rather direct information on 8. R. Duren, E. Hasselbrink, and G. Moritz, Z. Physik ;. .

the wel l t:s c. *ne entrance channel potential curves. A 307, 1 (1982)

Since they represent Rydberg states to the Ne+-Ar ionic

potentials, one expects well depths of comparable size. Nef4d., p. 4s) + Ar - Ne + Ar+ (
2
P/,, ) + e

It agreement with recent results for Ne+-Ar , the well (NC (4p %0) 1"11IT 1

depth for Ne(4d)+Ar is found to be close to 160 meV; D3

these for Ne(4s,4p)+Ar are about 30 meV smaller. These
findinqs are in good qualitative agreement with the -- T

behaviour of the Na(4s,4p,4d)+Ar potentials, calculated

by Duren et al.
8
. Only the Ne(4p)+Ar spectrum shows a 100 Ne{4+ 

3
P,

significant polarization effect, rather similar to the "

one found for Ne(3Q 
3
D3 )+Ar

5
'
6 

and compatible with ex- N, ""...F4) I

pectations on the basis of the Na(4p)+Ar interactions. o N F0

The areas for the three different spectra should re- I .

flect the relative excited state densities, if the re-.-

spective cross sections were the same. We find relative 0 '

polarization-averaged spectral areas I(4d):l(4p):I(4s)= h,.0 4.B 4.6 4.4 4.2 4.0 3.H 3.6
Electron Energy (evl .

0.67:3.8:1 indicating that the apparent Ne(4s)- and

Ne(4p)-cross sections agree within 20 %, whereas the Fig. I Electron energy spectra due to ionizing thermal

Ne(4d)-cross section is much smaller. This result probab- energy collisions of Ne(4d,4p,4s) atoms with Ar atoms.

ly reflects unfavourable coupling of the 4d-Rydberg The vertical lines indicate the positions of the respec-

tive asymptotic excited-ionic state difference energies.

%- -.' - . - . , " '. , , -
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ION-PAIR PRODUCTION IN COLLISIONS OF Na WITH Cl AND Br %
R. H. Neynaber, S. Y. Tang, and D. P. Wang

University of California, San Diego, La Jolla, CA 92093, USA and ______

La Jolla Institute, La Jolla, CA 92038, USA

Experimental studies of ion-pair production in these systems are of interest in seeded, fossil-fuel

atomic alkali-halogen systems are rare. To increase reaction kinetics for reducing soot and as a means for

the data base of these important processes we have measuring the population of ground-state (GS) Na in a

used merging-beams techniques to examine Na-Cl and mixture of ground and excited-state Na atoms. Actuallya-

Na-Br. Absolute and relative cross sections. Q, have reaction (2) has already been used to measure the GS Na
5been measured (by detecting the negative product ion) content in laser-excited Na vapor.

for the reactions The Na atom beam for these experiments is gener-

Na + Br - Na + Br (1) ated by charge-transferring Na (from a surface ioniza-

and Na + Cl - Na + Cl . (2) tion source) in Na vapor. This ensures a virtually pure VK

When the reactants and products are in the ground states, CS beam. The Br beam is formed by charge-transfer-

the endoergiticies of reactions (I) and (2) are 1.78 and ring Br
+ 

from an electron impact source (which con-

1. 52 eV, respectively. The reactions were investigated tains CFBr 3 vapor) in a vapor of CFC1 3 . The Cl is pro-
in a range of relative kinetic energy of the reactants, W, duced by electron detachment of Cl in 02. The Cl, in

from threshold to 500 eV for (1) and threshold to 10 eV turn, is formed from CCl 4 in an electron impact source.

for (2). Both the Br and Cl beams have atoms in the np-". .P-

Only two systems have previously been studied; GS and the np P excited state. The separation of
1/

these are Na-I and Li-I. The cross-sectional behavior these states is 0.46 and 0. II eV, respectively, for Br

of these systems with W has successfully been predicted and Cl. The population ratio for these states is pre-

by various curve-crossing theories including the sumnably that o± the statistical weights and is 2. The
2-4* Landau-Zener-Stueckelberg (LZS) approximate model. contribution to ion-pair production by atoms in these-- -- -

This behavior, and especially that around threshold, is states depends strongly, however, on the crossing " .. *.

strongly related to the degree of adiabaticity of the reac- radii of the associated reactant covalent and the product

tant and product potential curves. These two systems ionic potential curves. The net result is a negligible
2 2

are the most adiabatic of the alkali-halogens and behave contribution for Br( P1 /2) and about 20';, for Cl( P1/2

similarly. Specifically, the Q-curves exhibit a step When these factors are considered, our results for

function at threshold rising from zero to some finite both systems are in reasonable agreement with the

" value. Then, 0 continues to rise above this finite value slightly modified LZS theory of Faist and Levine. 6

as the relative velocity of the reactants, v, increases Also, the threshold behavior agrees with the predictions

above the threshold velocity, vt . until a maximum is described above.

reached and a decline begins. For Na-Br and Na-C1, a References

step function is again predicted at vt, but the finite value 1. A.M.C. Moutinho. J.A, Aten and J. Los, Physica

at the peak of the step function is also the maximum Q. 53, 471 (1971).

One of the purposes of the present experiments is to 2. L. D. Landau, Phys. 7. Sowjetunion 2, 46 (1932).

determine if this actually describes the behavior around 3. C. Zener, Proc. Roy. Soc. A137, 696 (1932).

threshold. Further, the measurements will be a useful 4. E. C. G. Stueckclberg, teIv. Phys. Acta 5, 370 . . -• ~(1932).--"
test of ion-pair production theories in general. Finally, -' --
"________________5. D. P. Wang, S. Y. Tang and R. H. Neynaber,

Supported by NSF CPE83-10965 and the Air Force XI ICPEAC (1985).
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ION-PAIR PRODUCTION AND THE EFFECT OF LASER EXCITATION IN Na-Na COLLISIONS

S. Y. Tang, D. P. Wang, and R. H. Neynaber

University of California, San Diego, La Jolla, CA 92093, USA and
La Jolla Institute, La Jolla, CA 92038, USA

A review of experimental research in ion-pair pro- is in the stationary gas and the distribution of F is un-

duction for two-body reactions shows a preponderance defined. We assume that the 0 for each reaction is ,y.i---

of effort devoted to processes in which an alkali is one independent of the F distribution. The studies were

of the reactants. The other reactant is often a halogen made by measuring product currents of Na+ or Na- ..
-

atom or molecule and sometimes a hydrogen atom, originating from atoms in the fast beam.

Prior to the present effort, however, no work on alkali- Some of the most interesting observations will now .. . -

alkali systems has been reported. This is probably due be discussed under the assumption that the Landau-

to small reaction cross sections, Q. resulting from un- Zener-Stueckelberg (LZS) curve-crossing model can be

favorable curve crossing radii, R , for ground-state applied for qualitative explanations. First in our rangeCI

(GS) atoms although exceptions to this are alkali sys- of W, all Q increase with W. This is consistent with

terns in which Cs is a partner. Here we describe our operating on the rising portion of the LZS universal
2beam-gas efforts in studying (either directly or by de- curve (sugarloaf shape) of Q/4 eR versus v/K, where v

duction) the following alkali-alkali reactions in a range is the relative collision velocity and K is inversely re-

of relative kinetic energy, W, of the reactants from lated toRe,as is the coupling potential, AV. We can con-

500 to 2750 eV: elude that all AV for the reactions are relatively large

Qs ( 2 + and that curve crossings, or transitions, are fairlyNa(3s) + Na(3s) - Na-(3s
) 

+ Na+(2p
6 )  

(1)

Q2 + 6 a- adiabatic. Next, Q2 is negligible compared with Q
Na+( 2

p6) This is due to the energy of the GS of Na- being smaller
Q33s + Na(3s)Naa (3p) + Nab(3s) 3 Na (2p6 + Nab(3s (3) than that of the resonant state of Na and thus a larger

SQ4 2 ++ 6 (4) separation at R (internuclear distance at infinity) of the
Naa(3p) + Nab(3s) 1 Na (3s +

0 b 6 ionic (product) and covalent (reactant) potential curves %
Na (3p) + Nab (3s) -* Na a (2p) +Nab(

3
s
3
p) (5) for reaction (2) than (1). This, in turn, results in a

Q. 6 - + 6
Na a(

3
p) + Nab( 3

s) Naa( 3
s

3
p) +Nab(2p . (6) smaller Re, larger K, and (from the universal curve)

The subscripts a and b identify a specific atom and smaller Q for (2). Similarly, QI<0.02 Q3 and QI 
<

relate each product to its parent. An abbreviated 1lc 0. 02 0 4 (0 3 04) because of the smaller energy of CS -

tron configuration is shown above. A more complete Na than Na"(3p) and thus the larger separation of poten-
*tial curves for (1) than (3) and (4). This is a direct re-.°"--'-..

identification of states is as follows: GS Na Na(3s) .. c f.•.T s,

2 2 - 2 1 GS - sult of the laser excitation. Next, for a given W, the "Na(3s S); GS Na Na (3s )zNa (3s S); CS Na .
Na+ 6 + 61 - slope of the Q-W curve is greater than that of the Q -W

N(2p )Na (2p S); excited Na cshape resonance4
a 3 curve. This is the result of the larger K for reaction (1)

Na (3s3p) .Na (3s3p P) - the energy of this state is
* and a steeper slope on the universal curve. Complicating

0. 08 eV above that of GS Na; and excited Na Na (
3

p)2". - " . -, °"
p Other shape resonances such as the the above analyses, although not changing our qualitative

I state are not included because they have not conclusions, is multiple curve crossing due to the exist-3s3p Psaeaenticue eas hyhv o
I  

ence of neutral-neutral exit channels other than the reac-been proven to exist and would likely have unfavorable-

tan canel Fnaly Q< Q and Q>Q Adscrossing radii, R c. Feshbach resonances definitely tent channel. Finally, 03 5 5 4>6" A dis-
R ,h Ncussion of these results is too involved to be presentedhave unfavorable Re. The Na(3p) is produced by a

C .* here. (For reference, 0 1 3 10 
2 e

laser. In some of our studies the Na (3p) is in the fast at W =I1500eV. at-W"-'1-"0-e"

beam and the hyperfine level F =3; in others the Na (3p) References
1. A.R. Johnston and P.D. Burrow, J. Phys. BI5,
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Office of Scientific Research (AFSC), under Contract 2. D. P. Wang, S. Y. Tang and R. H. Neynaber, XIV [-
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ION PAIR FORMATION BY THE COLLISIONAL REACTION ' .

Rb(nl) + Rb(s)---- Rb++ Rb-

M. Cheret, L. Barbier and M. Djerad

Service de Physique des Atomes et des Surfaces, CEN/SACLAY

91191 Gif-sur-Yvette Cedex, France %

* Negative ions are observed in a Rb vapour when 7.
5d

highly excited Rb(nl) levels are populated /1,2/ (ni: 5d 10
-
% "

." to Its). Experimental observations give evidence that .

they are formed via the following reaction :

'p'
Rb nh+Rb (5s) - Rb+ + Rb- ._ ._%:::::
Some of the studied levels (5d to 8s)lve below the

6d
limit of the ionic curve Rb

+
, Rb- (energy defect AE

4070 cm to 725 cm
-
) and others (7d to Is) above this

limit. The rate coefficients deduced from the measure- ---

ments are represented on fig.I

I-

6d 7d

10-12

4.000 -000 2000 -000 0 1000

AE (cm-1)

0 Figure 2 : Cross sections for ion pair formation (n

p against the energy defect of the reaction.

E the Olson phenomenological law /4/.

7s For the other levels the crossing point is passed

10 Jr 7d Idiabatically or does not exist (level 7d and 9s). An7d
other mechanism involving crossings at shorter distances

is proposed (fig.3) and evidenct-s for its validity are
given. I). _ _ _ _ '•-_-_ _-"

"Fs , "_"_""___- '-"'

• ~ ~~~~~- 000 -3000 -2000 -1000 0 tO00" --------- . ..----. "'

-'lsr , S n 5 onqu(oupilnq Wef iouola~g

,-Figure I : Rate coefficients against the energy defect .. ns~s,
Sof the reaction. Figure 3 - Mechanisms for ion ",air fornat ion. l~evels Sd

'. The corresponding cross sections (fig.2) are, calc'- .|rd 
7
s Rc 50au stronc t'uclimilc direct formation.

. ~levels hd, lIs Rc 200 au. weak coupling transfer to lowir"
lated assuming a maxwellian distribution of the velocitv levels (3d. 6id) at short Jisrance. level 7d, 9s i, cros- "

and constant value of the cross sect ion above the enercv sino, with (bb+, Rh-) transf.,r to lower levtls. .- ,."

th~reshold. Re fe ren-cs T
It is shown that a Landau Zener calculation at the T . . (:beret and I,. Barbi ,r. I'vs .Rt~v. 311 * 132 (I 98..). *'.., -"

crossing point R between the unperturbed covalent and 2. I.. Barhier, Thb.se d'Etat, ilrsay, (dmc. I9M4). % .. ,.

". ionic curves explains the result obtained for level 5d .R.K. .laner and A. Sfl in. .I. l'hys. B 5, 177 (Iq72). .'. ..-. '

• ..'" and 7s (Rc=54 and 63 a.u.). The R.K. Janev and A.Salin ;, R.I. Ollson. F, . Smith and !1. (auir. AppI, plt. 10',--. , *.- .

*/3/ model is used to calculate the coupling '
1
I2(rc). This .E. - .

factor is ten times higher than the value predicted by

,.. . ..
... .. ... .. ... .. ..* ..- , .

-- .. - - -.--. .. •.. -<...-..--..._,, -,.. .,,,,..,.. .-,.---..-----,-v,-....%-....--.-?
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A CORRELATED ORBITAL METHOD FOR MODEL POTENTIAL CALCULATIONS OF THE EXCITED
STATES OF Na2 UP TO THE Na(3p) + Na(3p) DISSOCIATION LIMIT.

A. Henriet*, F. Masnou-Seeuws* and C. Le Sech-

•Laboratoire des Collisions Atomiques et Moleculaires, 135t. 351, Universite Paris-Sud, 91405 ORSAY Cedex FRANCE+Laboratoire d'Astrophysique Fondamentale, Observatoire de Heudon. 92190 MEUDON FRANCE -

During the past few years, many experiments
1-3 

have RESULTS

been devoted to the study of the associative ionisation De( 1g3cri Rl.(a.u.
of two laser excited sodium atoms, involving as a possible xl 5.39 5.8 Present work

mechanism the reaction 6.U2 5.8 Jeun 
5

e 6.024 5.32 [Xl. 1.6
32 P3) 5.1 Montagnani et al.

6

Most theoretical calculations concerning the N;a2 molecule TWO 0cr- I  
Rela.u.)..-.w.-

have been limited to the ground and low lying excited 31 2.8 6.5 Present work
25.8 6.6 Jeung5

states
4-5

. However, recent :.. calculations
6 

predict 25.7 6.7 ExplO

a crossing at R=9 a.u. uetween the Na X
2 
+ curve and the 21,u  29.1-27.Q 7.2-12.6 Present work

28.5-2 6.9-12.7 Jeun r
Na2 1 curve correlated to the Na(3p)-Na(3p) dissociation 28.45-27.37 6.97-12.73 Exp -

limit. 23Z 27.6 7.5 Present workI 27.3 7.3 Jeung5

We have recently
7 

proposed a method which is a gene- 23Eg 25.7 6.6 Prese work

ralisation both of model potential calculations
8  
for one. 6.6 .,eun.

active electron systems and of the Pluvinage method for 0.1
two electron systems . The energies of the Na2 molecule

are obtained by computing the matrix elements of a model 
3 

u+ X2 g (Na2 7)

hamiltonian on a basis of a limited (20) number of

correlated configurations such as ..0

In Eq(1) we have denoted by (1) and (2) the coordinates . .
"

...e t .o a -.... f...e
electron model hamiltonian describing the motion of the I"

electron (i) in the field of the two Nat cores. ,a is the z 0. . w 3p+3p
W

associated eigenenergy o(1,2) describes the collision of

two free electrons in the absence of an external field.

We have used in the present work 3V-"

(1,2) z Uo (kr12)/r12 (2) -0.05 . - t g+(ref6)

where uo is a regular spherical coulombic function and r12

the interelectronic distance. The matrix element of the 5 7 9 11 13

hamiltonian are then easily obtained from the independant INTERNUCLEAR DISTANCE(a-.)

electron energy Fa b, the collision energy k
2
, and bielec- References

tronic integrals involving a cross kinetic term and the 1. -. Roussel, B. Carre, P. Breger and G. Spiess, J.Phys.L 14 (1981) L313 i :dielectric operator Vdiel. (3) -14 (1981...

L ', 2 . R. Bonnano, J. Boulmer and J. Weiner Phys.Rev. A28Y a.a (I') 1 :a2, (1983) 604

The collision energy is optimised so as to minimize the 3. J.G. Kircz, R. Morgenstern and G. Nienhuis Phys.Rev.

energy of th, lowest state of a given symmetry. The mole- Lett. 48 (1982) 610
4. .D. Konowalow, M.E. Rozenkrantz and J. Olson J.Chem.

cular energies are obtained after diagonalisation of the Phys. 72 (1980) 2612
5. G.H. Jiung J.Phys.B 16 (1983) 4289ha;liltonian for various internuclear distances. 6. R. Montagnani, P. RiTni and 0. Salvetti Theoret.Chim. TS -

On the table are presented the values obtained for Acta 64 (1984) 431
en 7. A. Henriet, M. Aubert-Frecon, C. Le Sech and F. .'-.

the depth (De,Te) and position Re of the well in the around Masnou-Seeuws J.Phys.B 17 (1984) 3417
. ,8. A. Henriet and F. Masnou-Seeuws Chem.Phys.Lett. 101tte and in Some excited states. Good agreement is (1983) 535

rta-- ,.F:th experintnt and with thr pseudo-potential 9. P. Pluvinage J.Phys.Radium 12 (1951) 789

(alculations of Jeung
5 .  

10. J. Verges, C. Effantin, J. d'Incan, D.L. Cooper and %
R.F. Barrow Phys.Rev.Lett 53 (1984) 46 and references : -W...'rl the figure are displayed the z curves correlated therein _-

the i dissociation limit together with the Na-.

,r jr , tate curve. Our results differ from previous work
6
. , .
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HOMONUCLEAR ASSOCIATIVE IONIZATION IN COLLISIONS
BETWEEN He(5

3
P) AND He(1

1
S) ATOMS

S. Runge, A. Pesnelle, M. Perdrix, r. Watel and J.S Cohent

Service de Physique des Atomes et des Surfaces, CEN/SACLAY, 91191 Gif-sur-Yvette Cedex, France

a Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87544 - U.S.A

A characteristic feature of homonuclear associative Later, Cohen developed the MSCC model; he conside-

ionization, also known as the Hornbeck-Molnar ionization red repulsive diabatic states He2 penetrating into the

(HMI) continusm of He* + e, and interacting with the attractive
A + A -- A2 + e ones by electronic coupling. The ionization occurs in a

is that the potential energy of the system at the sepa- region such as(II)in fig.l. The cross sections for HMI 7

rated limit is lower in the incoming channel than in the were calculated for He •(n3,4)He; they exhibit struc-

outgoing channel (fig.l). In the thermal range, the rela- tures and values close to 10-
16 

cm
2
.

tive kinetic energy Ek of the reactents is not suffici- We had first developed a model potential method for

ent for the total energy to reach the ionic asymptotic He2 and used it to calculate the 3Tu diabatic states

limit (At A) and the nuclei remain bound, forming an as- and couplings between them. The interpretation of our

+ origin of the ionization must be results has been performed by an extension of the MSCC

sought in the couplings between the potential energy model to the present case n-5 broken line on figs 'a

curves for the excited neutral molecule and the and 2b is the result of MSCC model 
1
. Improvement of the

ground state of the molecular ion A2 . agreement between experiment and theory at low energies

HMI has been investigated insa crossed-beam experi- is possible, considering two effects. (a) The effect of

ment for the collision He(5
3
p)+He using a time-of-flight a small inaccuracy in the energies calculated by the mo-

(TOF) technique. Excited states were produced from me- del potential method; a 14 meV shift of the crossing

tastable He(2
3
S) using a tunable CW source of coherent energies of the 5P channel is made (full line on fig.2a).

light at 294 nm produced by second harmonic generation (b) The effect of adding long range couplings between

in a ring laser . The density distribution of the asymptotically nearly degenerate potential curves (full

He(5
3

P) s atoms in the interaction zone was investigated line on fig. 2b).

by a highly sensitive photo-ionization method with a The shape of the experimental curve is well repro-

krypton laser tuned to the red lines (647 and 752 nm). duced by the 
3 TTl symmetry, which is found to be prepon-

The combination of these techniques with a crossed-beam derant and the validity of the MSCC model is thus shown.

geometry allowed the kinetic energy dependence of the

cross-section to be investigated with a good resolution ..

in the range 20-200 meV, via the TOP spectra of He
+ 

ions 2i

resulting from HMI and of He
+ 

ions produced by photoio- , /

nization of He(53 P) 1
. The experimental points are repre- .. •- "'

sented by rectangles on figs.2.

Nielsen et al
2 
and later Koike et al

3 
for H con-

sidered the vibronic coupling between attractive adia- oos ao ois dia 'aIs .

batic H2  curves and the ionic one in a region such as(l (a) Figure 2

in fig.l. The cross sections exhibit values of about

10 cm at 300K and a monotonic decrease with increa- References'

sing Ek which is not observed here. I. S. Runge, A. Pt~nelle, M.Perdrix, G. Watel and J.S.
Cohen, submitted to Phys. Rev. A.

V(R) 2. S.E. Nielsen and R.S. Berry, Phys. Rev. A4, 865(1971)

3. F. Koike and H. Nakamura, J. Phys. Soc. Japan 33,A*-A-e 1426 (1972). .. .....

Figure 1 4. J.S. Cohen, Phys. Rev. A13, 99 '1976).[ _ , / Figure I "" """ "
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molt ipI ii-r wa% measured as d funct ion of ion miss. 3. krebs k.H. . Fortschritte der Physik. M4.19 ( 1965pIli in Lit ivi n-ftii licy was simi t to that measured
4. Pesnelle A. . Flatel G. aiii Maiius C. . J. Chem. Phvs.

liv 1,rew -shoiruw d i mrs it-lo for a mass number of P..

a b) 5. liest IW.tu. Cook TB. . lirinint F .. . irdeljv R.D.

-- 01 C-ianud Stebiis R.F. . JI. Chem. Phys. 63. 1237 197'

zPl Arie CH 4
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VELOCITY DEPENIDENCE OF CHEIII-IUIIIZATIOI OF RARE GAS ATOllS *

A11D STIIPLL ..uLLLuLLS

P.A. Jerram and A.C.H. Smith

Department of Physics and Astronomy. University College London, Gower Street. London %%Cd 613T. 1k.

Measurements have been made of the variation of

ionization cross section with velocity for He,2
3
5) with

various atomic and molecular species. These measure-

iments cover the wide velocity range 1-19 kms' ikinetic_______________________. r

energy range (0.02 - i.5eV). 30j

Relative variations of cross sections have been 25

:,esured for Ar. 'I. Xe. H 2 . DO2 0. 2' CO. C 2 . I 3  0

H 20. CH 4. C 2 H 6 & C 2 H2 . These relative cross sections 2, /C IX
are then normialised to our previously measured absolute 6 /0

cross sections. or in some cases to other absolute7

data "'. Wihere comparisons can be made, the data 0

frum these other groups agreed with our absolute 0 1rn,trcnir nL

cross sections ksee Figure 1 I 0

The relative cross sections are measuired using a I

TOF tr 'igiue. A chopper wheel placed in front of 0.01 0.05 0.1 0.5 1.0 5.0 10.0

Collision Lrnvrily (CV)
the arc source gives puilses of metastable at'-, s

widie. The time of this start pulse is accurately

identified by the intense photon peak from the source.

Tnu TOt spectra are then collected, one by means of

a cl'arineltrun i .06m from the source showing the

velocity distribution of He,2'Sp atoms emitted from References:

the, sosirre anul the othe-r by nneants of a TOt mass, 1. Jerram PA i'd Sel ti AC'' . Phs 1'

spectrometer located O.1j4m from the source showing 2. Schmeltekopf AL dndI incnse;0eld tC. J. Chen. plb\

the mass spectrum of the product ions. The TOt mass 53. 31731

spectrometer views the interaction volume of the 3. Ueno T. 'rokoya]Ma Takao S ind Hataino N Chem i r I

nietastable and target beams and selects the ions of Physics 45. 261 I5

interest while eliminating any ions due to background 4. Wood-ird liP. Sharp RC . Sal ;I and Ilinl1 ttI

gases. Dividing the second spectrum by the first 1. Chem. Phvs. ",17 l?7, t

gives the sariation with velocity of the relative S-. i~n I I !Itn .... C. In I. (In'-. I.-

ionization cross Peotion which is then normalised to '1.1 '5-

an absolute Cross sect ion one at patclr4eoiy . 1If-lerurr I and Ii-h ...... \1 . Plhv 1k. HI. ,(I.

The results givern here are for e:
3
1only. as the 1 5

He.2'SI component of the beam was too small '\9% 7. Nirdroski 9. Icltgen- 1. 1 i,-htcrfnlnI I and P-0% 11.

for making useful measurements. The He,2'5 component Chin. Ph\s. Let. t ?2 >

was removed with an Optical quench lamp. S t'i pnI.'ii ir~pIIIi I~- .I

A sample result is show' fir t v irijition of I.hd'-. P'h\s

cross section w~ith velocity of tc2 
3 
S. On argon.

As can be see, our cross section agIrees well with the

other relative and absolute data shown"'*-~ Ir thr

normalisation used.

One of use PAJ, Is InI receipt of a SERC PostnIrad

uate Studentship arid some aspects of this work have-

In the past been funded by the SLRC.

*~~~ ~ ... . . .. .. .. . .. . . .. -. .



376 W74

ASSOCIATIVE IONIZATION IN THERMAL ENERGY COLLISIONS OF He(2
3
S) ATOMS WITH HYDROGEN ATOMS

H. Waibel, W. BuBert, M.-W. Ruf, and H. Hotop

Fachbereich Physik der Universitat, D-6750 Kaiserslautern, FRG

The ionizing reaction We acknowledge support of this work by the

He+H++e (la) Deutsche Forschungsgemeinschaft (SFB 91).

He(23S).H 
F P

A O HeH++e- (Ib) References

1. H. Hotop, E. Illenberger, H. Morgner, and A.

is a model system for Penning (PI) and associative Niehaus, Chem. Phys. Lett., 10, 493 (1971)

(AI) ionization studies, both experimentally /1-3/ and 2. J. Fort, J.j. Laucagne, A. Pesnelle, and G. Watel,

theoretically /3-6'. We have carried out the first Phys. Rev., A18, 2063 <1978)

e ectron spectrometric study of reaction 414 with 3. H. Morgner and A. Niehaus, J. Phys., BI2, 1805

sufficiently high rescIution to partially resolve the 41979'

rotational structure due to formation cf rovibra- 4. W.H. Miller, C.A. Slocomb, H.F. Schaefe- III, J.

tionally excited HeH'(v,3 ions in path (lb). Chem. Phys., 56, 1347 (1972;
3

A well collimated beam of state-selected He(2 S) 5. A.P. Hickman, A.D. :saacson, and W.H. Miller, J.

metastables from a differentially-pimped dc discharge Chem. Phys.. 66, 1483 (1977

source crosses a quasi-beam of hydrogen atoms from a 6 . R.J. Bieniek, Phys. Rev., A18, 392 (1978)

microwave discharge in a field-free region. Product 7. A.P. Hickman, and H. Morgner, J. Phys., B9, 1765

electrons ejected perpendculaly to both beams ar- (1976)

energy analyzed in a doubie hemispherical condenser 8. D.M. Bishop, and L.M. Cheung, J. Mol. Spectrosc., %

with an effective resolutior rf 3c meV 4FWHM). The 75, 1719 (1979)

relative collision energy distributiOn ranges from 20

to 120 (7 to 50) meV with a naximum at 45'17 meV for

room temperature ' 'iquin rl,,oger, temperature' of both 8oo

beam sources. Electron energy spectra are measured by V EveV
S60, '-300 K.

-ultichannel scaling techniques. 
% ooo

Fig. 1A shOws the re ult at room temperature, as A) "-
accumulated lver 30 ours. he spectrum clearly C

exhibits rotational-vi brational structure, which is c 2000
even better resolved in our low temperature data. For

comparison we have carried out quantum mechanical 1.50 0 'E0RY " Al

*alculat'ons using the program due to Hickman and I.l F

:FWHM-5e'

Morgner 7 , modified to include changes of the . too

rc tat al quantum number during electron emission, B)

!he -e,23S,,H potential of rgner and Niehaus0/3/, 50

a d he He-H potential given by Bishop and Cheung

it is fond that the main J-dependent contribu- 0o 0. .
1 .5 ' b e.5 e.0

tins ste- from v 1-4. Fig. IB shows the total .e ec.on energ .e..

ra'cj'ated -: spectrum for T:300 K, which includes the

nr~ar~
~
,n of 'qasi-bound HeM states, but leaves out Fig. l: Comparison between measured high energy part

r ejrq icnzatir r to free HeH4
+ 

states. Therefore, of the electron energy spectrum of reaction (1) at

. a'd g. 15 can only be compared for energies room temperature (A) and quantum mechanical calcula-

n,,ve H.6 P. . ,od overall agreement between experi- tion (B) of the spectrum due to AI (reaction lb,

-ert and the' r i observed at both collision including quasi-bound states). The calculation repre-

tempeat, is lending strong support to the idea that sents an average over collision energies for T=300 K

the I-ra! complew potential method provides a satis- and was convoluted with a Gaussian of 35 meV FWHM; it

factory description of He 2 S) H ionizing collisions. includes changes of the rotational quantum number

during electron emission up to L=3. -

I . ..N.. .. -. .
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A NEW LOOK AT ASSOCIATIVE 13NIZATION BETWEEN TWO EXCITED ALKALI ATOMS:

Na(3P)+Na(3P) and Na(4D)*Na(4D)---bNa 2 + +e

E. Meyer, H. Schmidt, R. Witte and I.V. Hertel

i Institut fdr Molekdlphysik, Freje tniversit~t Berlin, D-1000 Berlin 33, West Germany

D-cepancies between experimental results of We use a cos(28l-function which hest fits t o .

Morgnstern ot al .1 and Rothe Ct al .2 on asso- our data. No improvement is found by adding a

ionization of excited Natrium empha - cos(4e) term to the fit-function.ln order to ...

I''c. to reinveestigate these processes. extend our studies to higher excited states we

t meas_,red the dependence of use a second laser, directed antiparallel to

---- Nj' on the ipolarization the first one. We excite the 4 D5 2 state of%

I t rig 1light. Thei r resul ts sodium with linear and the 3P state with circo-

.a_'t or o f 2 . lar polarization.

- i mjtod Na-beam, which is The ion-rate is drastically increased by a

in il-, with a linear polarized factor of 5000-10000 and we observe a slight

n, t he-% 2S1' F=2) polarization dependence of the ion-prodiction

- insit ion. The entrance win- shown in Fig.2.

iqr -ar.- carefullIy checked so

'st ro; t h-I linear polariza--_______________

': r.41i'~ht . This could be a

1 x:, i: fci,- r t he discrepancy be-

i i.Iw-ons-orve a strong depen- Na(4dl.No(4d)-N(4e

-inal from the direction of 2-0 0

i ,i r. At =0 (E._L Na beam) 0000 00000"

t: ,-nj minimuim, while at e=9o0.1

E Nin maximuam is observed in e

:r w t i r--il ts of Morgenstern . The oast.nagl

*_1 7 ;i m ,a.;_ re d f I orescence i ntens ity

~s i'i ".1in Fiui.l to show the correct

1 1 inl i ;rnt of the Natrium atoms. FL2_.
2 

Polarization dependence of the ion rate

n'), iiicc. position of the atomic p-or- for 4D5/2 excitation --

chra~cl yshown in Fig.].

1)~ta iI wil he1b r,orted a t the conference,.

8 1o.9w,

1 6 References
.9a 53-001
43 1 . G. Kircz, H. Nor'.j-,nt-rn and N1-nmiis

3 WPhys.Rev.Lett.48, 610 (1,)82)

2 00,90oc 2 E.W. Rothe, and H. Thyonn i, G.P. Peck and.-

1k 10=rAd3 g C.C. Tung, Phys.PH,.A, zahmitt(,d
Palansati~on ge

one of us (F.M.) wish's, to thank th., Wish

Foundation for financial s illort.

F- ij Po la r it I On dependence of t he i on rate

for (3 32 -mcitation (statistical error

2o 'oo)

. . . . . . . . . . . . . . . . . . . . . .. . . . . . .
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POLARIZATION DEPENDENCE OF ASSOCIATIVE IONIZATION

IN Na(3p) + Na(3p) COLLISIONS

r, r . I. t i i ... Ht rk- 1'.v.,:. li-l,n, lPenk .m'. G~lriIta'2i . (trard N1,,flUis, R inhard Moreen.stern

Fysisch Laboraturium, Princetonplein 5. 3584 CC Utrecht, Tile Netherlands "V

ilve in fn t .gte .ssi i. t v 1o1 i itl 0ionU of

3sl~1iA.Si ls- r es ited Ni( p - i/ atoms, I i . tit process 1.

Nipi * NailpI •NI, + i- (I) tbi v.

iy lcauring tile tutal io.. yield ;is a function of the *. d"i. " .

,t n 1 l l,'tw'-n tIl r .,itivi' velocity of the two excited -. .

N,-,toms lnd tie ,I-tri, polarization vector of the

lastrlignt. In an ,-arlier investigation
1

' wi found that , ,

tile in-signal can h described by

I= I l os. ' + r, cos 4(2) .0.90 . .0e degrees 10'.iT

with r I = 0.27 and r, = ).ili. Some doubt however was dere...
shed ... l tile'...results nw .3 Fig. I . Polarization dependence of the ion yield of

process ( I) with: 0-9l higher c )l1i sion energy (1-10), " " " '

which disagree with our earlier results: they found i "
0-- i lower coIl ision energy (Ih-t).

rl -0.uI and r 0. 38, which means an essent ial ly
differe'nt periodicity of the ion signal. ... "•

Different fron our earlier results an analysis in
We now report our more recent results that were terms or both) tile jm,- /and the ,m -descriptions yields"".""'

*,btained under modified experimental conditions. t j n m- c s

al te too-multiplier was sometimes arranged cueb that non-negative rate constants, I.e. neither of tile two
tilepton iotantple was someimd arrnge -c that

no fluorescence photons from the scattering center descriptions can be ruled out.

A discussion of the results in terms ot potential
could reach tile first dynode. By this we could rule

out a lossible f luorescence-dependent sensitivity of cur as..... g. performed by Jn and ilahlIr wiIl hi'

the ion detection. given at the conference.

b) We used two counterpropagating Na beams instead of
M. M. = 3/2 3/2 3/2 1/2 1/212

one. This leads to higher relative velocities and I_ _ __ _ .---___.-- "
I12 0.03 0. 373+O.024 2. 140+0.020 h-h

an even better defined direction of tie relative kll m. 0.872+0.003 0.72 +0.03 I .70+0.0l9 h-t

velocity. - -. •_""" - "

c Shape .ond size of the laserspot were waried in a M m I I1 0 0 0

i12 +0.03 0.01 +0o.05 4.3 ". 7 h-h 

wide range. knnm ) l.872+0.003 0.65 +.5 :.91 +0.0 i-t

By blocing one of th,, Na beams w' could again j -- _.

investigate collisions of atoms within one beam (at Tahle I Values for tie relative rate constants in tile

consider.ible, lower kinetic energy). Fig. I shows tie im and .m description for higher 0-10 and

results Ior leid-head (h-h) collisions from the counter- lower (1-t I energy collisions. k values are

propagi ting beams and head-tail (h-t) collisions within normalized such that k = I for polarisation- ,

one l it-in. lhe new data mainly confirm our earlier results. indipendent ionization. "

We obtain r. = t. 314, r, = 0.066 for h-h collisions and 1) .1.. Kircz, R. Morgenstern, G. Nienhuis, Phys.Rev.

r, = 0.225, r = 0.o3 fir h-t collisions. It is interest- Lett. 48 610 (1982)

in: t,, se thit a stronger polarization dependence arises 2) k;. Nienhuis, Phys. Rev. A26 3137 (1982)

for tile higller-energv h-h collisions. Also the h-h 3) E.W. Rothe, R. Theyunni, C.P. Reck. C.C. Tung, to be ..

r, i',-e.,tin is it L east 1.5 times higher tihatl tie h-t published

. cross .tion . 4) 0.M. Jones, J.S. Dahler, Phys. Rev. A31 210 (1985)

As described earlier we have analyzed these data

ti ,lbt.ain rate constants k(m, M,) for associative ioni-

z.tion f ,atoms that before tile collision are in

magnt it substates m, and m, respectively (z-axis along ----_ M
tile reiative velocity direction). The results are

summarizeid in table I.

........................................

i- ~ ~~.. .... . -... ....-. .- -. . ' . •. .. . . . . .. . . . . . .. ,. -. .. .. ,. .. •.. .- - . .- . . .. . .-...

- . , - . ., ,.. . . .. . . 5.%' . '- _ ., _,s' ' ' - , _ % ..-
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POLARIZATION DEPENDENCE OF ASSOCIATIVE IONIZATION
AND OF LASER-INDUCED CHFMI-IONIZATION AND EXCITATION TRANSFER

Dumont M. Jones and John S. Dahler

Departments of Chemistry and Chemical Engineering, University of Minnesota, Minneapolis, MN 55455 U.S.A.

Our theory has been designed to aid in interpret- identifying characteristics which can be used to extract

ing experimental studies of inelastic collisions in- cross section information about the individual processes. -- - - -

volving laser-prepared reactant atoms and/or laser-

induced electronic transitions. Recent thermal beam References

experiments by Kircz, Morgenstern and Nienhuis
I 

and I-v 1. C. Kircz, R. Morgenstern, and G. Nienhuis, Phys.

2 Rev. Lett.48, 610(1982); C. Nienhuis, Phys. Rev.Rothe, Tbeyunni, Reck and Tung fall into the first of
A26, 3137(1982).

these categories. These investigators have measured the

dependence of the rate of the associative ionization 2. E. W. Rathe, R. Theyunni, C. P. Reck and C. C. Tung,
Phys. Rev. A (in press).

process

2 N+ 2 + 3. D. M. Jones and J. S. Dahler, Phys. Rev. A31, 210
2Na[(ikp) P3 I21 Na2 [X EgI+e- (1985).

on the angle between the direction of relative motion 4. P. Polak-Dingels, J. F. Delpack, and J. Weiner,

of the colliding atoms and the polarization axis of the Phys. Rev. Lett.44, 1663(1980); J. Weiner and
P. Polak-Dingels, .1. Chem. Phys. 74, 508(1981).

laser used to prepare the sodium atoms in the reactive -

(3p) 2P, 2tt s. The integral cross section for this 5. li. ). Saha, .1. S. Dahler and S. E. Nielsen, Phys"
312 3 Rev. A28, 1487(1983); H. P. Saha and J. S. Dahler,%

process can be written in the form
3  

Phys. Rev. A28, 2859(1983). - "

u(E, C) = n(E)Qno ,,;V)

with F the kinetic energy of relative motion of the

reactant atoms and (E) the cross section for reaction

of an adiabatic l(,cimOppenheimer state. Finally, ann() '

is an easily computable diagonal matrix element of the

electronic density operator representative of the laser- A
prepared initial state. By comparing this formula with

The data of K ircz etal, we have been able to conclude

that at least two adiabatic BorimOppenheimer states

contribute to the experimentally observed process. The

most reactive of these is the 17+2 state with the asymp-

totic form -_. The next most reactive is either
3 ' a 2 2 "

or , both with the asymptotic form

ur method of analyis also can be applied to a two-

icr experirnt4 such as that in which a r- onaot

:)-l ine I ser pumps the ip state and a second, high-

iitensitv .nn-re.nant laser drives the chem-ionization

,r, , es-.. .

* 1w N, 2
Na 3s) N( p) I (Na (Na" - Na)+ -; 5 + -

Na + Na t+ e ) - ". • "

The situation is mar, complicated here, not only because lip

there are two laser intensities and two laser polariza-- " .

tions, but because the individual state-to-state cross

s-, tions for the laser-induced chemi-ionization events

are themselves dependent on the polarization of the non-
5

resonant laser . The differences between the intensity

and polarization dependences of competing ionization

processes, e.g. the chemi-ionization events described

above and photolonization of neutral dimers, are

. fir-

-2 .- .
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EXCITATIONI OF HELIUM BY H* AND H IMPACT 4

A DISTORTED WAVE APPROACH

Indlira Khurana, Rajesh Srivastava andl A.N. Tripathi

Department of Physics, University of Roorkee,
Roorkee (INDIA) P".

*In recent years, the study on collisicoal In view of the above facts, we thought it . -'*

exci ta tions of Helium atom by proton andl nydrogen worth while to study p-He scattering in distr'.-: r . .1 1*

g red impetus experimentall'1y a nd tj!ecr e ti call1y wave Born approximation (DWBA) which has

se of well known practical applications of their to be quite useful and great success ir. .

crs-section da ta.- A couple of calculations for work on e-He scattering5 .Weas a

cita tio. of helium in. H* - He andi only a few calcula- DWBA hardly much have been done it.
23tosfor H-H colsos are available for a toms. To explore such app!:: .... we

teevaluation of total cross-section in literature, report, in the oonferunce 7 proton

Or. the experimental side only total cross-section impact excitations. nelium arnd

measurments for excitation of helium by proton impact also to begin wittn Y* . .ation by impact

are known for specific energies. of a structurt-: . n ydrogen. In order

to minimice - tne results a consistent

There have been rare differential measurments vera>------------istortion effects are included

because of practical difficulties. However, recently, I T. t' : -. F has been used. To avoid further

Park et a!l have reported the differential cross- it. . a the result, the wave fuctions

sections for excitation of the helium target to the a tom are taken to bE of the most accurate

n lvl tcertain energies of proton impact. W, n.,a.-parameter correlated (MPC) 5type.

also now the a ngula r differential or-ss-sevtl,

* measurments offer the cleanest test for r% !nec-nEtacal I4e have also performed parallel calculations

approach. Although calculations for 7 ising Born using these MPC wave functions in first Born approxims- N,.

Pnd multistate eik''a! artr-ri1.-ns f-nr .- He.catterinv, t4,, (PlA fcr tctt,. thei trarzitions tc f-cilits to

are available but as - Park et al themselves comparision. The detailed theoretical analysis along

tha t theoretica. - cg *ther approximations with various results, fully compared and discussed

are d-s.nat.--. ',~l as the Collision would be presented in the conference itself. However

or? n:~~- - -. -.. rnred are not fully in the table I we present our different theoretical .-

S.results for 2 S excitation of He only.

'A* X: rult- or2S excitation of References
b H* ar r00 He a1 ctI. Sur et. al Phys. Rev A 24 2465(1981)

(See other references therein)
S. ross-section resultS in 2. MM Felden Physics 84C 439( 1976)

S ..sIons H-He collisions
0  

3. D S F Crothers arxd R P McEachran J.Phys.B 3 976
1,. tBA FBA DWEA (1970)

3.t 6. 36(4) 3.87(3) 1.75(4) 4, Park et.al Phys. Rev A 18 48(1978)
* 4.56(4) 2.89() 1.38(4) 1.11(3) (See other references therein) .-

2.47(3) 1.42(4) 1.73(3) 2.33(4)
4.83(2) 3.74(2) 4.79(-2) 1.94(3) 5. M Kumar, R Srivastava ard A N Tripathi Phys. Rev.A

* .2C(-6) 1.49(l) 1.87(-6) 4.70 1984(in press).

S.-1) 5. 65(-3) 2.12)-11) 3. 16(-3)
- ~ -)-6( 5.60(-4) 7.40)-li) 2.18(-4)

.~-(% 2.54(-4) 1.61)-11) 4.011-4)

T. t. er inre r .n arantn~esis denotes the power of ten

* ty wto ,nM I.a r.1 should be multiplied.
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PROTON-HYDROGEN EXCITATION AT HIGH AND INTERMEDIATE ENERGIES

Carlos 0. Reinhold and Jorge E. Miraglia "r

Instituto de Astronomfa y Fisica del Espacio, C.C.: 67, Suc.: 28, 1428 Buenos Aires, Argentina ' *

So far, the continuum distorted wave (COW) theoretical _ __,_.____,_,_

method has been used to calculate electron capture I I I ' ,

processes . However, this method can be straightforward- 10.

ly extended to calculate direct processes 
2
. We have (IS) HH(n =2)

computed the proton-hydrogen excitation with the CDW -. r .

method. The results :re shown in the figure. Good ......

agreement with the experiments is found for proton 1.

energies larger than, say, 75 KeV.. But at intermediate C3 C

projectile energies the COW largely overestimate the

expe r iments. 
7.1

For the present reactions the Coulomb peaking impulse

approximation (CPIA) should be more appropiate
3
. This

method consists of replacing the electron-projectile

continuum interaction in the entrance chanel, within

the CDW formalism, by the Coulomb logarithmic phase 10. - ,C W H.H(IS)- H*H(n=3) "'' ""."\""

factor. Results with this approximation are also shown sE

in the figure. Better agreement with the experiments E BORN .. t .....

is found. -t
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PROTON ENERGY (KeV)

FIGURE: Total cross sections of excitation levels

n = 2, 3 and 4 of hydrogen by proton impact.

theory: as indicated

experiment: ; Park et al
4 

(1976).

: Morgan et al.(1973).
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DIFFERENTIAL CROSS SECTIONS FOR THE EXCITATION OF ATOMIC HYDROGEN
BY LITHIUM IONS AT INTERMEDIATE ENERGY*

J. L. Peacher and G. Bhattacharya

University of Missouri-Rolla, Rolla, Missouri 65401 USA

Differential cross sections for the excitation of of the scattered ion is basically determined by the

atomic hydrogen from its ground state to its first angular distribution that would be obtained by scatter- .

excited state in collision with singly charged lithium ing a bare particle with the mass and charge of the .'* .

ions were recently measured.1 The Glauber approxima- ion. This angular distribution is multiplied by the _-__-__'

tion has been quite successful in describing a variety form factor of the incident ion.

of atomic collision processes in the intermediate to Supported in part by the National Science Foundation. -

high-energy range.2 Franco
3 

presented a modified References

Clauber approximation to describe collisions between 1. J. T. Park, E. Redd, J. T. Kvale, D. M. Blankenship,

intermediate to high-energy atoms or ions and atomic P. J. Martin and J. L. Peacher, Bull. Am. Phys.
Soc. 26, 1306 (1981).

hydrogen. Franco applied the theory to the excitation

of atomic hydrogen from its ground state to its first 2. E. Gerjuoy and B. K. Thomas, Rep. Prog. Phys., 7,
1345 (1974); F. W. Byron, Jr. and C. J. Joachain,

excited state by singly charged helium ions. The Phys. Rep., 34C, 233 (1977).

theoretical results were in good agreement with experi- 3. V. Franco, Phys. Rev. A, 25, 1358 (1982).

mental data. Recently Peacher et al.
4 

presented a

modified Clauber approximation with the same simple 4. J. L. Peacher, P. J. Martin, D. G. Seely, J. E.
Aldag, T. J. Kvale, E. Redd, D. Blankenship, ,7-t

analytical structure as the first Born approximation V. C. Sutcliffe, and J. T. Park, Phys. Rev. A 30, Ab

to describe collisions between complicated atom or ion 729 (1984).

projectiles and atomic hydrogen. Peacher et al. ap-

plied the theory to the excitation of atomic hydrogen

from its ground state to its first excited state by a

hydrogen molecular ion. Again the theoretical results r
for the differential cross section were in good agree-

ment with experimental data. . .11

The collision studied here is

Li+(ls
2
) + H(ls) , Li+(ls

2
, 0) + H*(n=2), A L1+ + H -"

where 9 is the scattering angle. Angular differential Lit + H(n2)
cross sections have been calculated for this collision -12

system using the modified Glauber approximation devel- o 1012 E 43. B k eV
oped by Peacher et al. (GI) and the modified Glauber NU

r4 V =0. 50 e. u.
approximation developed by Franco (G2). A simple one E

U- FBA
parameter variational wave function was used to repre- I
sent the ground state of the lithium ion. The results 0A --t~a C: 10- 3
are shown in the figure for an incident laboratory ''1
energy of 43.8 keV for the lithium ion. First Born G2 M L

approximation results are shown for comparison. The

G1 results are in reasonable agreement with the avail-

able experimental results. This energy corresponds to 014 -

a velocity of 0.5 a.u. which is low for a Glauber-type '

approximation. Presumably the agreement would improve - \
at higher incident energies. However at present this

is the only energy at which experimental results are L,5

similar. Both results fall well below the experi- o 10.150 5 10 15"""""
mental data at large scattering angles. The Cl results

have nearl)P the same shape as the experimental results O (mr a d)
at large scattering angles but are a factor of , 3.5

low. In the modified Glauber approximation (Gl)

developed by Peacher et al. the angular distribution

. j. . , . . . .. w Y . . . - , . . , .. . . - .-.... . . . j .. . ..... , ._'._ ,,',-.__ ,__ '.-"." '.-.. .- - , ." ."_- .- "-- ,-.__.__.- " . ... "_. '.". .-.- .-.-... , -... .'__.- .-.-- •.- •. - '... -. '.2--
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THE SEARCH FOR THE -o . STATE V) TH'C P I( 3-e %

A.van Wijngaarden, J. Patel, K. Becker*, and G.I.". Drake . :

Department of Physics, University of Windsor, Wlindsor, Ontario, CAAIA "91i 3P4

*Present address? Physics Department, Lehigh University, Bethlehem, PA .P1C' USA

The i" ion has only two bound states, the Is S 0 eferences

ground state and a 2p
2 3

P excite state. The properties %-f rae1an 1. ('*.*. Drake, AstronhVs. 3. l 4, 145 (1971) "

of the bound excited state were predicted by Drake and

confirmed by Jacobs et al.
2 '3

, but nave not been firmly 2. V.L. Jacobs et al., Astroohys. 3. 191, 7 5 (1974)

established experimentally. The 2o23e State, which has 3. V.1. Jacobs et al., Astronhvs. J. 242, 1275 (195h) ...

a binding energy of only 9.5 meV, decays spontaneously 4. S.'. eaf, an, P. Stche, A, rr-,!.vI,. .I7, I-7

with a lifetime of 1.73 ns into a neutral HO(1) ground (1974)

state atom, a photon and an electron. It is the only 5. J.S. islcv et al., AbstcL. ' I" ;

known atomic state where the energy is partitioned

among the decay products. The decay leads to a broad

continuum, on the long wavelength side of L.vsman 09. . .v t. ". : - ',o'. t,.: "Itt al SL; -nc an. . .

Although satellite observations in stellar atmospheres ZngineerinF, t.sea:ch Council of Cana:'a ("5.::C).

suggested the existence of the excited H" state , ore-

vious attempts to observe it under controlled laboratory "

5,6 k
conditions have failed .

We made an attempt to detect the 2D P state of

the H ion by observing the H(1s) d.:cay product. A

S"highly collimated beam of ground state H' ions (energy

.  
below 140 keV) is crossed with a thermal Hg beam inside

a static electric field. The excited H" ions which are

presumably formed in glancing collisions with Hg atoms

' survive long enough as charged particles to be notice-

ably deflected by the electric field before they decay.

The decay-in-flight of the excited It" ions is expected

to result in an asymmetric feature on the angular

distribution of the neutrals formed by direct

neutralization of the groun,' state I ions. Although
2 3e

no sound evidence of the 2p P He ions was found in

our experiment, we were able to establish a limit- from

the statistical analysis of our data it was found that

our search would have been successful, if the cross

section for formation of 2o2 3Pe It ions in collisions

of ground state H ions with Hg atoms had been larger

than txl
" 20 cm2 . 

It is conceivable, though rather
2 1

unlikely that the lifitime of the 
2
p P' state o' the

H ion is somewhat shortened in our experiment by th"

static electric field of 1-1.5 kV/cm.

As a by-product of our experiment, we have oh-

tamhed the first differential (in angle) charge

transfer cross sections for hydrogen ions collidinp

with mercury atoms for sc.,ttering angles in the ranpe t. ,

30 to 150 and for small angle forward scattering.

Details of the cross section measurements will be

presented at the Conference.

* ftft ftft . - . t - ft - . .-

..... ..... ..... .... .. ~ .. ..... ....
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THE EXCITATION OF SODILU ATOMS BY PROTON IMPACT

0. Schllier and J.S. Briggs

Fakultdt fUr Physik, University of Freiburg, W. Germany

The excitation of neutral sodium atoms in collision whose validity in this range is indicated by agreement W-

with protons has been calculated using an atomic state with electron impact data (v is the velocity of the pro-

expansion impact-pa-ameter method in the energy range ton and v, =1.67 a.u. is the orbital velocity of the 2p-
-p

from a few keV to a few MeV. Specifically the excitation electron).

processes

n e studie3s S)- H + Na(2p 3s P1... (1) CROSS SECTION FOR Na(3s-3p) - EXCITATION

and H + Na(2p 3s 2S)- H + Na(2p 3p P)... (2)

have been studied. In a target-based expansion the time- I) ,0

dependent Schradinger equation has been solved in the " .

follo~ing approximations, of decreasing sophistication. -W

i) In treating the processes (1) and (2) all seven 2p
b 

3s :.

electrons are retained in an expansion of the wave- C00

function in 25 Na-tates. 0000

ii) Only the initial and final states of transition (1)

or (2) respectively are retained, when the close- 0.1 0.2 0.5 f 2 5 I0 20
coupling problem reduces to a one-electron problem. v (Proton) (a.u)

iii) The coupled equations are solved in a first order

(Born) approximation. The results for transition (1) FIGURE 2 Total cross section for Na(3s) excitation.

are identical to those obtained by Theodosiou et al.2 Theory:-, -.- , --- see Fig. 1: curve A, Born appro- "'' "

using the PWBA. ximation : B, close coupling): C, Born approximation
.- ~~Experiment: electron impact, Enemark et al.

7 
Buckman ... •

• et al.8
Fi. 2 shows our results for process (2) in comparison

o°f Enemark etal 7and Buckman et al for electron

impact. The results of method i) and ii) coincide. The

excitation of the 3s-electron is not affected by the

1" Na-core- as expected.

1. 0. Schbller and J.S. Briggs, in "Fundamental Processes
in Atomic Collision Physics" (H.O. Lutz, J.S. Briggs

a .and H. Kleinpoppen, eds.) NATO-ASI Series, Plenum

0.1 0.2 0. l 2 5 10 20 Press, 1985

V/vu (Proton) 2. C.E. Theodosiou and W. Mehlhorn, (private communica-

v/yb tion)
3. R. Hintermayer, G. Kegler, I. Passarge and W. Mehl-

FIGURE I Total cross section for Nal2p) excitation. horn, this volume
4. G. Kegler, Diplom thesis, Freiburg 1984

Theory:- 25 state JLose coupling (i), -.- 4 state close 5. R.J. Bell, B.G. Skinner, Proc. Phys. Soc. 80, 404

(1962)
coupling ) Born approximation (iii): 6. K.C. Mathur, A.N. Tripathi, S.K. Joshi, Phys. Lett.

Experiment: Hintermayer et al.' (proton impact), 35A, 139 (1971)
7. E.A. Enemark, A. Gallagher, Phys. Rev. A6, 192 (1972) .. "

Ke3ler'(electron impact). 8. S.J. Buckman, P.J.O. Teubner, J. Phys. 12, 1741 I ..

(197,9)

,n Fig. I results for process (I) are compared with the The support of the DFG is gratefully acknowledged.

3
experimental data of the Freiburg group for proton and . -.

electron impact. It turns out that in the energy regime

from 10 to 30 keV, the 2p-shell excitation is well des- .

cribed only by method (i). In the higher energy range

all approximations converge to the -'rst Born result

. ° . -

... .. ... .. .. .. . ..... . . . .-. . • , ".-... *- .~ . .w - .- .. -
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EXCITATION OF THE Na(3d) LEVEL BY H-, l
+
, H*, or IONS 

L. W. Anderson, James S. Allen, Chun C. Lin and R. E. Miers

Department of Physics, University of Wisconsin, Madison, dl 53706 USA

We report measurements of the apparent excitation The absolute values of 2A for H-, 33
, 
ii, or H-

cross sections of Na atoms by incident H-, H
+
, H+, or H+ incident on Na are shown in Fig. 1. Tie apparent

ions with energies in the range 1-25 keY for the E : Y

reaction H- (or H
+ 

or H+ or H+) + Na - Na(3d). The I S tO 152025

apparent cross section is the sum of the cross sections E 'jii-I

for both the excitation of the Na(3d) level directly and 5.0 -

by cascade from higher levels.

Our apparatus has been described previously.
1,2 

An z 0

ion beam is extracted, accelerated, focussed, momentum I 30

analyzed and collimated. The collimated beam enters a 0 0

Na vapor target. A Na reservoir is connected to the a -. -

target by a 1.8 cm i.d. tube. Both the Na reservoir and W 1.0 3

the target are heated. The Na density in the target is (n 0 _ __e__-_-_.-

governed by the temperature of the Na in the reservoir0°i 0 0.5 1.0 1.5 2.0 5"

and by the temperature of the target. Inside the Na 0- VELOCITY (I0 m/s) -/

vapor target is an electron gun and a suppressed Faraday

cup. The electron gun and Faraday cup are coaxial with FIGURE 1 Experimental cross sections for Na(3d)+ +•.-,% .- ° "

the ion beam. The electron gun cathode rotates in and excitation by H-, liH, H,2 or If ions as a funrtion of th"

out of the beam axis. Thus either an electron beam or velocity of the incident ion. Also shown are the Na(.d)

an ion beam can pass through the Na vapor interaction - .
electron excitation cross sections.

region and enter the Faraday cup. Since the interaction

geometry of the electron beam is identical to that of cross sections for the excitation of the Na(jd) level by
the ion beam, it is possible to measure directly the ions are large being 4.7x,0-1ScC

2 
for H1 ions with an

ratio of the apparent cross section for Na(3d) incident velocity of I.5x0i6 m/s and 3.8x10
- 16 

cm
2 

for

production by ions to the apparent cross section for H- ions at the same velocity. The cross sections for

Na(3d) production by electron impact from the excitation by H
+
, H*, and H+ ions are nearly identical

2' 3
corresponding intensity ratio of the 3d - 3p emission, functions of the ion velocity. The cross section for

which exits the target through a sapphire window. The excitation by 11
+ 

ions is nearly the same as the electron " "

light passes through an interference filter and is excitation cross section at high velocities. The cross

focussed onto the cathode of a photomultiplier tube. section for excitation by A- ions is about 20% lower

The photocurrent in the photomultiplier, Ipt , is than the H
+ 

ion cross section at high velocities. Toe

measured simultaneously with the ion or e- current, To. cross sections are about an order of -ia,,nitude smaller

For low Na target density, n, the apparent cross section than the corresponding Na(3p) cross sections. The

QA is given by QA = kIpM/nIo, where k is a constant Na(3d) cross sections are expectni to b- large because

depending on the transmittance of the window, lens and the principal quantun nunber is unchaneJ in tlie

filter, the efficiency of the photomultiplier, the excitation.

geometry of the collision region viewed by the -.

phototube, and other factors. References " ."

The relative values of QA as a function of energy 1. A. 1. !iowall, Qt al., Phys. L°,tt. )", 'I (31)2). rim

are found by comparing IpMi/ 0 for different ion energies 2. A. 1. tIowalJ, Lt 31., Phy3. Rqv. Left. 1, 20,9 j
while n is held fixed. We measure and compare Ipll 193).- .

for 15 keV H* ions with IpM/I0 for 100 eV electrons 3. 1. Phelps ani . C. Lin, Pys. Rv. :3), 12,

keeping n fixed. The value of k/n is determined using pI331).

the known value of QA for electrons incident on Na.
3  .1

N.,
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INELASTIC DIFFERENTIAL. SCATTERING CROSS SECTIONS FOR EXCITING 30, 66.7, AND 150 keV Mg
+ 

IN COLLISION WITH He:
Mg+(3s) + He -. Mg+(3p) + He and Mg+(3d or 4s) + He

E. Redd, D. M. Blankenship, D. G. Seely, T. J. Gay, .J. L. Peacher, and J. T. Park

University of Missouri-Rolla, Rolla, Missouri 65401 USA

Quasi-One-Electron (QOE) collision systems have section at larger angles. Comparisons at 30 and

been studied extensively in the 1 to 15 keV energy 150 keV are similar. Considering the simplicity of
I h..-

range. Recent absolute differential cross section the three-state calculation and the complexity of this

measurements at 30, 66.7, and 150 keV have been per- system, the agreement is relatively good.

Energy-Loss Spectrometer (UMRIELS). Data was obtained Supported in part by the National Science Foundation.

for the processes I. N. Andersen and S. E. Nielsen, Adv. At. Mol. Phys.
++

Mg (3s) + He . Mg (3p) + He (1) 18, 265 (1982) and references therein.

Mw (d or 4s + He 2. S. E. Nielsen and J. S. Dahler, J. Phys. B 13,

for center of mass angles less than 35 mrad. A multi- 2435 (1980), and private communication (1984).

state impact parameter calculation
2 

for the first 3. J. T. Park, J. M. George, J. L. Peacher, and

process has been converted to differential cross J. E. Aldag, Phys. Rev. A 18, 48 (1978).
J. T. Park, J. E. Aldag, J.--L. Peacher, and "."

sections for comparison to the present results. 2.T. Par, Phy. Adv. A2 ea r and
J1. M. George, Phys. Rev. A 21, 751 (1980).

The UMRIELS has an energy resolution of 0.8 eV T. J. Kvale, D. G. Seely, D. M. Blankenship,
and center of mass angular resolution of 0.8 mrad for E. Redd, T. J. Gay, M. Kimura, E. Rille,

J. L. Peacher, and J. T. Park (submitted to

this system. The energy resolution is sufficient to Phys. Rev. A).

e;Iil reole he xctaionofMg
+
toth 3pstte4. E. Redd, D. M. Blankenship, T. J. Kvale, T. J. Gay, .

at 4.42 eV energy-loss. The circles in the Figure J. L. Peacher, and J. T. Park, Bull. Am. Phys. Soc.

represent the differential cross section for this 29, 812 (1984).

process at 66.7 keV. Integration gives a total cross 5. N. Andersen, T. Andersen, and K. Jensen, J. Phys.

section of 3.3 t 1.0 x 10
- 16 

cm
2
. The 3d and 4s B 9, 1373 (1976).

4
states could not be resolved, but energy-loss spectra 6. N. A. Sondergaard and E. A. Mason, J. Chem. Phys.

reached a local maximum nearest to the value expected 62, 1299 (1975).

for exciting the Mg (3d) state at 8.86 eV. That was

the energy-loss value used in obtaining the differ- -______________-__________

ential cross section at 66.7 keV represented by the .0

squares in the Figure. Integration of this differen- M+(3s) + He -"

tial cross section over angle gives a total cross 10 Mg+(X. ) + Hep -1 section of 9.9 ± 3.0 x 10
- 1 7 

cm
2
. These total cross

sections are larger than those reported by N. Andersen, 6 66.7 haV

et al. 5 Our experiment differed from that of 10-1 v 1/3 ...

N. Andersen, et al. in that our measurements were L -i • 3P " .- '

unaffected by cascade and did not depend on detector L0-1' 0 3d 1 - 4

calibration. E - a - 3p Nonta@
*ad Dshnlkr

The solid line In the Figure represents the Cinau.

three-state (3s, 3po, 3lp) Impact parameter calcula- .0
" L  

,

tion of Nielsen and Dahler. The calculated result

was presented as probability vs. impact parameter. 1014

It was converted into an angular differential cross 1

section vs. angle using a potential given by

Sondergaard and Mason.
6 

The total cross section cal- 10"15 3
culated by Nielsen and Dahler is 1.474 x 1016 2

The calculation underestimates the total cross __,'___._."________

section by a factor of two. The differential cross 010 20 30-" "

section is underestimated at the angles which con-

tribute most significantly to the total cross section. 6 . .

The calculation overestimates the differential cross

• .. .-...
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ORBITAL AND SPIN ANGULAR MOMENTI'm P'!Pv ' THE PRODUCTS OF H-' *' INELASTir COl ITST'1N~
c  

.".' -

J. Grosser, R.Hasse, H. .Jitzke and H.Pfeiffer

Institut fur Atom- und MolekUlphysik, Uli rsitat Hannover, Federal Republic of Germany -

The angular distribution of the photons, which are .0 ...-. .. ,

co 3 3 1emitted from an excited atom, carries information about C( P) ).(c( P. P1
the angular momentum polarization of the emitter. We usr o% ".-,

this relationship for an investigation of the processes °e°ocrO 9 "'-'''''
- 000 0 0000ooo

He* + Ne(2p6)1S0 - He
+ 
+ Ne(2p53s)

1P1,3P, 1 0 000 0

The excited atoms radiate after the collision, I f01
2/Elf -.

Ne(2p
5
3s) P1 ,

3
PI - Ne(2p

6
)iSo + hv(73.6,74.4nm) .

0.0

We detect the photons in coincidence with the scattered 0.0

He
+  

ons. There are two aspects, in which suchacoinci- 0 50 100 EHe 150 eV

dence experiment is superior to an analysis of all pho- g Black circles: percentage of He+-spin inverting

tons emitted: (I) The information to be derived is rela- -ollisions for a fixed value of the impact parameter

ted to a well defined scattering angle, and (2),using t1 E CMC CMI7OeVdeg). Open circles: percentage P1products

:onservation law for the reflexion symmetry of the elec- ntegrated over all impact parameters.

tronic wave function at the scattering plane, it is pos-

sible to derive properties of the second collision prodL t ict parameter, measured by the reduced scattering angl-

'He
+
) from measured properties of the first one (Ne). As -C was held constant. The open circles show the frac- AM

3 2
the electronic spin takes part in the operation of refle- ion of 3P1 radiation in the total emission (Isler ).

xion, we are able to distinguish between processes, in In a model in which the spin-orbit interaction is

ihich the He* spin direction remains unaltered in the neglected for the time of the collision,the following " " 
"

*ollision (t-t or +- ) and processes, in which the spin relation can be shown to hold

is reversed (+-4 or v-fl) 2 3 3_. )I.~ ~~ 1f
'2/E if  

-- 71 2 c(3P )/(c(3PI  0( oP I )  (2)['i-. ...

We use the y-axis, which is at right angles to the,.2_ P-)P)

-ollision plane, as the quantization axis. When the He
+  

The cross sections occuring at the right hand side are .

spin before the collision points upward, the asymptotic the differential cross sections, which are not known;

form of the wave function is when the differential triplet to singlet ratio may be

1.s> + replaced by the integral one, eq.2 requires that the up-
ikr per curve in fig.1 is twice the lower curve. This is not

e /r rf ti~m.=l> + f >m'1> + f1 4 m. > lL1'_>mj> -l 0 3J0 what we observe experimentally. We conclude therefore

he kets refer to the He
+ 

ion and to the Ne atom, resper- that the spin orbit interaction must be taken into ac-

ively. For this initial condition, other combinations of count. The argument would be much more conclusive, when

ngular momentum quantum numbers than those occuring in our results were separated into their singlet and trip-
eq.1 are forbidden by reflexion symmetry. When the He

+  
let contributions. We are performing experiments, in

spin before collision points downward, the allowed wave which the collisions occur in a weak magnetic field.

functions are obtained from eq.1 by reversing all spin The field rotates the light angular distributions. Be-

quantum numbers. In both cases, an inverted He
4 

spin is cause the optical lifetimes of the triplet and singlet

accompanied by an excitation of the Ne atom to a state states are different, they are differently rotated, al-

4ith mj=O, an uninverted spin by an excitation to mj=.1, lowing to separate their contributions."
2 f2+ 2 loin tosprt*hircnrbtosThe quantities ffo 2, 1 , 1  and f f_- can be deri-

ved from our experiments. Because the He+ ions are not p, -

larized in the actual experiment, and because we do not 1) J.Grosser,H.-P.Neitzke, Z.Phys.A 304(1981)49 "' "'""

distinguish between IP
1 
and 

3
P, emission, the actual exp-- 2) R.C.Isler, Phys.Rev.AlO (1974)2093

rimental results are averages, which is indicated by a bcr,.. --

over the symbols.

As an example for our experimental results, the black

circles in fig.1 show the fraction of He+-spin inverting

collisions as a function of the collision energy. The im-

... ...... .... . ... . . ....-- -.

- -'.'..' " -'-'.,,,'.... .. . . . . . . . .. '... %.......w , ,"
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OPTICAL MODEL THEORY OF ELASTIC h* - H
AND H+ - He SCATTERING AT INTERMEDIATE VELOCITIES

+ + S° . .

R.M. Potvliege , C.J. Joachain and F. Furtado*

+ Physique Th~orique, Universitg Libre de Bruxelles, Belgium

Departamento de Fisica, Universidade Nova de Lisboa, Portugal ,,' . ,

Recently, angular distribution measurements have _ _ _ _ _ _ _ _

become available for elastic proton scattering by '

12 doatomic hydrugrn and helium at intermediate relative (cm srdil

velocities I v - 2 (in a.u.). In this work, we have

calculated the corresponding differential cross sections, 0lO •

using an ab-initio optical potential approach. We first 25 keV

evaluate the second Born amplitude, by using the closure

approximation, including exactly the contribution of

low-lying states. We then obtain the corresponding

complex eikonal phase by Fourier-Bessel transformation. 10I

The resulting eikonal optical scattering amplitude

provides an all order unitarisation of the two first

terms of perturbation theory, taking into account an

infinite number of channels in an approximate way. 12

In the above-mentionned treatment it is difficult \SS

to take into account the influence of charge-exchange

channels on the elastic scattering process, since charge -

exchange corresponds to an all-order rearrangement of 10-•

the Born series. This effect is negligible at large

enough collision energies but should be incorporated in

the theoretical description at intermediate velocities. 
0
C1l (rarad)

In order to investigate this problem, we have 2 3

extracted a correction to the elastic optical model Fig. 1. Differential cross sections for the elastic

amplitude from the elastic amplitude obtained in a two- scattering of protons by atomic hydrogen, at a

state charge-exchange approximation, in which we have laboratory collision energy of 25 keV (v = 1).

minimised the double countings arising from the piece --- second order optical potential results,

of the Born series present in both amplitudes. As an - second order optical potential results,

example, we show in Fig. I our second-order optical corrected for the presence of the charge exchange

potential results (short dashed curve) together with channel, - - - multistate Sturmian expansion
3

our results corrected for the presence of the charge- calculation of Shakeshaft The experimental+I

exchange channel (full curve), for the case of H - H data are those of Rille et al

scattering at a proton laboratory energy of 25 keV

(v = I). The corrected results are seen to be in very

close agreement with the multistate Sturmian expansion References

calculation of Shakeshaft , represented by the long- I. L. Rille, I.L. Peacher, E. Redd, T.J. Kvale,

•D.;. Seely, D.M. Blankenship, R.E. Olson and J.T. Park,
dashed curve, and with the experimental data . As Phys. Rev' A 29, 521 (1984).

expected, we find that the difference between our two 2. J.L. Peacher, T.J. Kvale, E. Redd, P.J. Martin,

sets of theoretical results decreases as the relative D..M. Blankenship E. ille,, V.C. Sutcliffe and

J-. Park, Phys. Rev. A 26, 2476 (1982).
velocity increases. Results will also be presented for 3. R. Shakeshaft, Phys. Rev. A 18, 1930 (1978).

the case of proton-helium elastic scattering.

"...... ........... ...... ..... ... . .
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AB 1NITIO CAL i TlV;. 1,F T."LCjjOL.., FC., ;,.E *.

GROUND M)D EXCITI!,j o-~isi-.3 Or' Ge A;-j 2

Cui Zuolin Pan 2nhoufu 4,.

Institute of Atomic and molecular Physics
Jilin University Changchun, P. ki. China

The ootentiP1 curvre etween atom-atom and rable IV Re and Ee Of C. Z*. '

atom-ios; is an imoortant nhysics quantity in all --------------------------------------------. r
of science, especially in collision tneory. in 49

order to calcul te, scatt-ring cross sections, one wokPole V

must have the knowledge about the notential curve --.--------------- 6------------
of the system question..d. In this parer, using

M N i2 G2,U-3
1 which nas been transplqnted on Ee(au) -75.0>61b7 -7 4. 9/66 1

H-lb'M comrutker t~y us, we nave calculated tne 21!u

potential curves of the ground and excited states---------------preser
---- work-----lr Verh--- -- -- -- -- ---

Of C2 and C2 '. In our calculation, we have used Re (1) 1.345 1.358 1.312
6-i31G and 6-311G basis sets. The calculated A
results are listed in Tjable I and 11 Ee(au) -Y4.941994 -74.8' 908 -

ra ol1e -i potential -curves -ofUi Lg -------) We hsve also performed configuration inter-

E& ------------------u-------------action calculationsCI) for 'j 'G2) at -i.X

--------- --EELnau----- and for 4 r (C2 +) at t<=1.4 ,,obtaining corre-
0.6 -72.711827 -72.32e691 lto nrisadtt-lC nrisTe r
0.8 -74.501885 -74.223070 lto nrisadttlC nrisTe r
I.C -75.20,>263 -74.905906 -0.05 and -75.51q68 11 nartree . -O.1b and -75.10
I.Zc -75.358O2) -75.090899 38139 hartree respectively. Our Cl calcula-
1.4 -75.-34cZ6b4 -7!>.093111
1~ -'/5.282540 -75.035711 tion is direct (;I metnod. It has b--n m,,de by

: :j~,6 two sters. At first~we have rn de Si calculation
-----------------------------

under a single reference configuration, obtain- -.

Taole -I i -notential -curves -Of -C2 +L, ----- ing MU- coefficients an(! MU energies. Then we

haveclasifie tneMO ccording to valid noint
-R(X) --- E(au) Ekau group symmetry. In our calculr-tion, they Pre C-v

0.6 -71.329553 -71 .740723 for C2 and 02h for C2 + resnectively. o.ext the
0.8 73.1?81 -3.92413integral transformation from ,C) basis t-) Mu basis

1.0) -74.874335 -74.69b123
1.2 -75.003920 -74.915267 are m;,de and configur~-tions erae generated. Then .

1.4 -7D,.05 6 15e -74-939614 multi-configuro tion .'C co lcul tion is made and
1.b -7 ).O35713 -74.908792
1.8 -74.998226 -74.8/0513 correlation energy is calculatd. In our calcu- %
,r.0 -74.96047Y -74-83616b lation,we hay- includ-d single, double excitation

We have also made the geometry optimization with resnect to the refer nce con firuration arnd

calculations, obtaining the equilibrium oitions 500 configur~tions ~t most.
of C2 and G2 and the lowest values of tne ooten-

tial curves. Our results are listed in Iaole i~i eeec

and iV. 1 . Program MNri~'.' . R. I eterson and
R,. A. Foirier, universitv of Toronto, intario,

Table 1l, R e and Ee Of C2  C ana(La, 19o".

e. W. At. Lathan, N. J. iehre, and -. ople,IZI J. Am. ;hem. 3oc. 93, o08 1971).

preen oterwok2 xr.33. G. Verneegen, J. ;nhem. rnys. 4'., 14t9. 0

work othe wok eA.

Re(t" 1.e58 1.2531.4

Ee(au)-75.3tb3100 -75.26497-

---------------------------

preSent
work other worK2  ex-t.3  s

Ne(A) 1.305 1.298 1.312
Eekau)..75.447729 -75.35L.3t -*

- - - - -- - - - - - - - - - - - - - - - - - - - - -- - - -
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SIMULTANEOUS TRANSFER-EXCITATION IN HIGH ENERGY TON-ATOM COLLISIONS

D. Mclaughlin and Y. Hahn+

* Physics Department, University of Hartford, Hartford, CT 06117 USA

+ Physics Department, University of Connecticut, Storrs, CT 06268 USA

When high energy ions collide with a target atom,oe. & r .RTC-, ,

a multitude of processes can take place, leading to T (4). -

excitation, ionization and charge transfer. One parti- and

cular mode of reactions, the resonant transfer-excita- and ,
tion (RTE), is of special interest, not only because of

its exotic nature, but also for its relationship to the <i D - -'(5"
dielectronic recombination (DR) in electron-ion colli-

sion. It is schematically described by In (4) and (5), TDR is the off-shell DR amplidute, t
x t

AZ+ + B - (A(Z-l)+)**+ is the excitation amplitude for the projectile electron

in A, and C ,A2, is the overlap between the initial and

+ final states for electron 2. A closure approximation

which may be compared with the DR, is used in (5) for the non-resonant part.

AZ+ + e - (A (z-l)+)** We will present a detailed numerical calculation of

the amplitudes (4) and (5), and the resulting cross
A(Z-))sections for a number of systems for which experimental

The target B in () is assumed to play the role of data are already available
1
'
2
. Dependence of the cross

providing the 'free electrons' in the process (2). sections on the number of electrons A and on the core

These two processes are related in the impulse picture. charge ZA will be carefully examined. Our study will

For a proper analysis of (1) in terms of (2), therefore, focus on the ions with N = 2, 3 and 4.

a reliable unfolding of the binding effect of the elec- A

trons in B is required .T" ""p"a'yO n

The experimental data of Tanis et all and Clark et This work was supported in part by a DOE grant. -

1 analyzed
3  

previously in terms of the DR cross References

ections
4 5 

and the target electron profile of B. 1.J. A. Tanis et al, Phys. Rev. Lett. 49, 1325 (1982)

Recently, Feagin et al
6 

made an attempt to provide a and 53, 2551 (1984).

theory of (1) from the ion-atom collision point of 2. M. Clark et al, Phys. Rev. Lett. 54, 544 (1985).
3. D. Brandt, Phys. Rev. A27, 1314 (1983).

view, in which both the RTE and the additional non- 4. D. McLaughlin and Y. Hahn, Phys. Lett. 88A, 394

resonant (NTE) amplitudes were considered. A more (1981).
7 5. D. McLaughlin, I. Nasser and Y. Hahn, Phys. Rev. A

complete formulation has been given
7
, in which the (1985)

interactions responsible for the DR-like process in (1) 6. J. M. Feagin et al, J. Phvs. B17, 1057 (1984).
7. Y. Hahn, Phys. Rev. A (1985).

are properly incorporated, with the full effect of the

radiation channels. In addition, the NTE amplitude

was also constructed, identifying the interactions that

cause this process. The overlap between the non-ortho-

gonal electron orbitals for the initial and final states

plays an important role.

In order to simplify notation, consider a two-electron

system
(a+e ) + (b + e2) - (a+eI+e 2) + b + (1')

A B A' B'

The scattering amplitude for (') is

= , (3)

where, assuming the impulse approximation and the plane

wave approximation for the ion cores to be valid,

A -.....................-
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r ANSFKR AND) ES(:t rA~r I N To rilE L-liL. THEORFTICAI.STT SELECTS') CRiiSS-SC

Tic-i a NI. Reeves*~, .lamos M. Feagin ,Fugen 'lerzhacher*

*Dlepart lent of -lv c and Ast r-nony, The UniversiLty oif North CaroIi na, Chapel tIl M , NC 27 514
t
Dep-irtment of Physics, California State lUniversitv-Ficllerton. Fullerton, CA 92b34 .:

[ii-pr c-e-. f tr isfo .ii -c i ation(Ti Ci The exchange-t vpe ilaterference is vers- important for NTE -

he t h1 oo ii-r sti.-d bc ;sort i iv, out t h., pass ghe v i ves rise to interesting effects (Fig. 3). Here it
I eerlitin *conoiiitit i ig senarait-l on li the diominant can he seen that the energv dependence for NTE is qite

I , I-i t Ia io i uu spi no)d--I which explains, and chA racteri stir of the final state, whereas all
101 a i! with, tic- -sxperi-ntal evidence-so trainsit inns ii, wrs: avc essenti Lilly tihe same hehavior

fir.' The o .hI chi racid projectile has aiuia I v a much (Fig.'). When thje impiItuides for the two processes ire

tree t .- r -ic I-ar cIli 'e than tle, target, maekinig t'e added proper lv an)d squared to) wciv thei prohahi lit y for

- ci Io ijtu ieciil pr~nute. The three TF, 1iqtjnrat iv,, hehan i it is shlowni f.ir each final state

trtinsi-prtlnt iic hriauciag ahiuit tile rransiT on (Fg4. The triplet 2sdp, not showni, foll Iows the

it- the repulsion hetween the two active electrons, Ind single14t Ini is i"Moit tenj percerlt greater.

theo F irces hetwfel thle noieIi and the electroins. AtI

the proper project ile n-oic itv, the energy exchange is L. -like OM~ISa14 On He

cif jail ti the two act ive electrons, anil as a1 result

i
5
f the olectron-ectroc interaction the transfer an]I

cxitati-i takes place. This pricess, called resonai,.'e itn~ 1 5 He

tralci fer and excitation (STE I, hecomes rnore imnportant C

as the nilelear chavrge if the pr-i ect i I inc reises . in ,f

the o the r hind , i f the t Ar,,,- t nlcl Ill e-, xc i tes the - '

projiecti ' I elet r-1ait t he s.1 t i cc the target - 2s

eleErol, ie captired, the fia-il state is, reached hut

the tw , proces1ses ir e lii -rrelat,,. this -iil-teson.iie- -

Ile
dith lo)wer ituni" 2 lihrInd is; alwavs ipirtant at a

lower piro ject ilIe no Ilitv than STE. Recent espicrimento C,

han- showi cl-irv distinct %7E aol RTE peaks.2-3

Oiar calctil at ions, has e d uipon t he v ibove model

refereuei- I ) usl -ig 'indr,)eil -: wave functilons , predict OP T

t0i- geni-ril sh ape itF the total TF. curve for all ~ iH t5 W~

treasitlo)n. ti the i. leve l as ,a function if the ratii __2o S
6 --- 2s P~-~

of i1rijl-etili- c.-l-its- to) its S-shell electron velocity 'o3 f 2% 'S V,
-22PP 10 -- 2s2s 'P

fur ,i iri ,i,rijc t i I,-s (Figuire- I) ot results show 6

wi-IlI thu.- -iltrail )it rF with projectile atomic

nii,h, r Ind ic SI. wi th vo adtv. Tetiieoretiteal STE ~
a-ak, Ilw I . ice., ir ,It a higher c.iergv than that = .-

I.- Ii-I -i it tiliv Thit i it-t--t lag i it-orler-ice

c,ts Ir, .14- r-i i -on11ly whiiic i idui I f~ nal ~
St it,- it. -- iii Iu . Isr .1 ti c-n i TIa

1  
-Itit,- th-r, ccv

h isp it'iwins Whi ciiJ ccii ier-r F-it .-xarple,i 10 ia10 10I

fIial st are 2s2p lolth,r slaigl.-! it- tripl.t) can he V..il~dd. - -w.
jg. 3 V. 4 i

iri 7 nd -ithr hvexicitati .i. i ,f t hu proliec ti I-o

electr,o to the 2s State noil cattire-)f the t argu-t *Ackiowlilgoe support UTS DoK. No ASIIS 761 5il4i8

oli-etrooi til the 
2

p, or the reverse. Each euxhlnation cam T. M l', BiRlgsl J , Reeves T, .1 Pss B, 17

happen e-ither thiroigh NTIE or RTK, ri vin-g aI total of four 11157-16 (1b CI984)
2.Clark 11, et al, Pbs-s Rev Let , 54,5-44 (1 98 )

aripl itiudes and thu -4 six poqsible Interference te-rms. 3. Tauits . A , e t a)I (to he puhllihed)
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L-SRELI. RESONANT-TRANSFE.R-ANDT-EXCITATION .,.

FOR 40A + R2 COLLISIONS

M. W. Clarka. E. M. Bernsteina. I A Tanisa, 9. H. Berknerb. P. Gouilb. W. G. Grahae,-

R.B. Mc...lnd,. . J. oeA.Mlrt A. S. Schachtrb, J. W. Stearnsb, and Mt. P. Stocklig

aDepartment of Physics, Western Michigan University. Kalamazoo, Michigan 49008 USA
bLawrence Berkeley Laboratory. Berkeley. California 94720 U7SA

"Department of Physics. University of Ulster. Coleraine BTS2 ISA. NOPTHERN IREL.AND
dDepartment of Physics, University of Missouri. Rolla, Missouri 65401 U SA
eDepartment of Physics. Wesleyan University. Mliddletown, Connecticut 06457 USA

f University of Giessen, Giessen, FEDERAL. PEPU"LIC OF GERMIANY
8
fepartment of Physics, Kansas State Univeisity, Manhattan, Kansas 66506 USA

Previous experimental studies 1.2 have shown tie

existence of resonant-transfer-and-excitation (RTE)

* ~involving electron capture coincident with projectile K- 1 A at, FN esen .. Gaa. PP

*shell excitation. Calculated
3 

RTE cross sections for Stockli. Mt. Clark, R.U. McFai land, T.J. llo,&an, K.,

litbumlke ons ase ont~eoetial ieletroic erkner. A.S. Sch' achter. and J.W.. Stearns, Pliys.
litbumlke ins asedon heorticl dilecroni lRev. Lett. 53, 2551 (19F4).

recombination cross sections.
4 

give good agreement with

themeaureent fo sufur caciu, ad vnadum ons 2. J.A. Tars. r.M. IleIln st e In, C.!'. Oglesby, W.G.
themeaurmens or ulurcaliu, ad anaiu ios rahar, ". (.'ark, P.1 - McFai land, T.J. Iloiga, M.P.

incident on helium targets.', Additional measuiementss St ock 1: . K.1. Perknle. ,A.S. Scl-iachtte, , J.W. Stea,ns.

f!Cl7- + ,c!Iiinsaeas ngodareetIM. Johnson,. EW. Jones, and Mi. !!eian, Noel. nt
for a -- I, c~l sios ar alo : god aleeentMeth., in press.

with theory.

tha RE soud lsoocurin heL- 3. C.S. Oglesby. F.M.Reinste-n, andO -TA. Tanis, B')
It is expected thtRFsol loocri h - Am. Phys. Soc. 29, 743 (1984).

shell, i.e. for electron capture coincident with ' 'x

p~ojectile L-shell excitation. To :nsestigate this ~ 03 
t ~uh nadY an hs et 8 9

L (1982). 1. Nasse, and Y. Hahn. jOSPT 29, 1 (1983).
process we have measured projectile 1. xray emission

H5. E.Y. Bernstein. i.A. Tanis, K.. Beiknet, .MW. C'alak
K c-incident with single electron capture for 455-710 '.eV W.G. ('raham, 'P.11. !tcFa.-land, T.J. !organ, A. Mullr

7l-a4 +I +12 coillisions. This work was done at the A.S, Schlachtei. and :.W. Steals'. Abstracts. T t

l~awience Berkeley Laboratory using the SuperfHILAC. Theneece

results are shown in Fig. I in which a Lar denotes the 6. J.F. Desclaux. Comput. Phys. Corrun. 9. 31 (95

total cross section for Lop x-iay emission whi'e 0 q
1
, isL 7. ('.i. Mc~uire, l'hys. Fey. Ai, 1801 (1971).

the cioss section for L.ap x-rays coincident with single

election captur e. (Ile l.e and 141 lines we e not resc~ved40

in this work). E 4.0- +H
In the figuie it is seen that c lexhibits a

pronounced resonant behavior with a maxinxun, near 550 C.' 16.0-
0

M ae1'. In addition, o. also show, a max imum neat the x 14.0-

*samie energy. Since a& is equal to nearly two-thirds (T a80~ ~ ~ 27a2o
o f UTU;at 550 11eV. this obseivation of ;esonant 0

behavior in the singles x-iay yield ato L'Is expected. H IQO
At present there are no DR cross sect :onU

L8.0
c aIc uIa tions with which to coispaze th~ese L-shell RTF '

results. In the figure we show the calculated
6 

A.uger U) 6.0-( LCI
electron eneigies for L.a

4
' transforoled to the eection C))

r est ft.arte for three of the s trionges Lt trans it i ons*
7
. 11 C 4.0-

* ingly ionized La. These calculations show that tile 2.0- L 3 M 5 M5  L 3 M4 M5  L2M4 M5
maximum in o occurs at an eneigy consistent with that

expected on the basis of specific allTowed Augei 400 5060 70
transitions.E(M v

This work was supported in p.art by the 1'. S.
FTUr-lIrI 1. P,oject Ic x- a v v., sct on' frr it

Department of Energy, Division of Chtemical Sciences and . 11 2. Selected Auger tian- t -i tne ate denrctvd

the Office of Fusion Energy, and the Science and by I3 N 5 ec

FEngineering Resear-ch Council. Great Britain.
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CORRFLATED AND UNCORRELATED ELECTRON CAPTURE AND
K-SHELL EXCITATION IN H13+ He COLLISIONS

J. A. Ta, ns
a 

F ,. Bernsteina. M. W• Clarkb
, 
W. G. Graham

c
, R. H. McFarlandd. T. J. Morgan.,

B. M. Johnson
f
. K. W. Jones

f , 
and M. Meron

f

aDepartment of Physics, Western Michigan University, Kalamazoo, Michigan 49008 USA
bDepartment of Physics. University of Noith Carolina Chapel Hill. North Carolina 27514 USA
Cphysics Department. University of Ulster. Coleraine. BT52 ISA NORTHERN IRELAND
dDepartment of Physics. University of Missouri, Rolla, Missouri 65401 USA
eDepartment of Physics, Wesleyan Un;versity. Middletown, Connecticut 06457 USA

fBiookhaven National Laboratory, Upton, New York 11973 USA

Recent experimental studies
1 ' 2 

have provided strong References

ev.idence for resonant-transfer-and-excitation (RTE)
3 

in 1. J. A. Tanis, E. M. Bernstein, W. G. Graham, M. Clark,

ion-atom collisions in which electron capture and inner- S. M. Shafroth, B. M. Johnson, K. W. Jones, and M.

Heron, Phys. Rev. Lett. 49, 1325 (1982).
shell exc.tation occur together as a correlated

2. J. A. Tanis, E. M. Bernstein. W. G. Graham, M. P.

elect~on-eectron process in a single encounter. A Stockli, M. Clark, R. H. McFarland, T. J. Morgan, K.
related question is whether electron capture and H. Berkner. A. S. Schlachter, and J. W. Stearns,

projectile excitation can occur in a single encounter by Phys. Rev. Lett. 53. 2551 (1984).

means of separate uncorrelated electron-nucleus 3. D. Brandt, Phys. Rev. A27, 1314 (1983).

interactions. This two-step process is called non- 4. P. L. Pepmiller, P. Richard. J. Newcomb. R.

resonant-transfer-and-excitation (NTE).
3 ' 4 

Experimental Dillingham, J. M. Hall, T. J. Gray, and M. Stockli,

evidence for NTE has recently been obtained in Si11+ + IEEETrs. Mu. Sci. NS-30, 1002 (1983)..-..

He collisions.
5  

5. M. W. Clark. D. Brandt, J. K. Swenson and S. M.4

We report new evidence for NTE in 15-200 MeV 16
S 1 3 +  

Shafroth, Phys. Rev. Lett. 54. 544 (1985).

+ He collisions obtained using the Brookhaven Tandem Van 6. T. McAbee, Nucl. Inst. Meth. 214, 89 (1983); D.

de Graaff. Fig. la shows the cross section for total Brandt, u-. Inst. Meth. 214_ 93 (1983).

projectile K x-ray emission, OKa[ and the cross section 7, T. M. Reeves and J. M. Feagin, private communication,

J M. Feagin, J. S. Briggs, and T. M. Reeves, 3.
for projectile K x rays coincident with single election Phys. B 17, 1057 (1984).

captue. a .t -s ,een that o exh. bits a maxmum"

near 130 MeV due to RTE and a maximum near 30 MeV

attributed to NTE. The dashed curve is the calculated
3  

"

RTE cross section (multiplied by 0.85) and the solid '.

curve is a calculated NTE cross section obtained from 2o 0 "

the product of the K-shell excitation cross section and I-.

the probability for capture to the L-shell.
6  

This .2

product has been normalized to the data near 30 MeV. ,

Fig. lb shows the ab initio calculations of Reeves 
. .

La.
and Feagin

7 , 
for the ls

2
2s -- > ls2s

2
2p and ls

2
2s -- > ._

Is2s2p
2 

transitions only. which include both the -4

uncorrelated NTEl and correlated (RTE) contributions to L2

charge transfer and excitation. These calculations, in in - .

*which the lower energy maximum arises from the
as \

uncorrelated amplitude (NTE) and the higher energyr

maximum arises from the correlated amplitude (RTE).

provide substantial qualitative agreement with the .%.....,

measuied ... eigy dependence of o The narrower RTE 2. (b)

width in Fig. lb compared to the corresponding a 2."

width in Fig. la is due to the fact that only the two Lo

transitions mentioned above have been included in the .

calculations. 0 /
08.

This work was supported in part by the U.S. J,

Department of Energy, Division of Chemical Sciences and o 20 40 ,c 0 oo o o 180 _ .0

the Office of Magnetic Fusion Energy. and the Science E(MeV)

and Engineering Research Council, Great Britain. FIGURE 1. Projectile cross sections for S13+ + Be.
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CORR LATIONS BETWEIN CHARGE CHANGING EVENTS AND K
X-RAY EMISSION IN Ca

q + 
+ H2 COLLISIONS

E. N. Bernstein'
, 
3. A. Tanis'. K. B. Berknerb, M. W. Clarkc , 

W. G. Grahamd. s'P''

R. H. McFarland*. T. 3. Morgan , A. Muller
5 , 

A. S. Schlachterb. and J. W. Stearnsb ,. --

aDepartment of Physics. Western Michigan University, Kalamazoo, Michigan 49008 USA
bLawrence Berkeley Laboratory, Berkeley, California 94720 USA " -
CDepartment of Physics, University of North Carolina. Chapel Hill, North Carolina 27514 USA % -%
dDepartment of Physics, University of Ulster, Coleraine BTS2 ISA, NORTHERN IRELAND

eDepartment of Physics. University of Missouri, Rolla, Missouri 65401 USA

fDepartment of Physics, Wesleyan University, Middletown, Connecticut 06457 USA
9University of Giessen. Giessen. FEDERAL REPUBLIC OF GERMANY %%PA

In single collisions between ions and atoms inner- The data suggest that the structure in both oKa.

shell vacancies may be created by excitation, and at en

ionization, and charge transfer. These processes may be the first time we have observed such structuie in n;. .
isolated by measuring coincidences between K x-ray in the RTE resonance region. Since o /.K.P - 0.20 and

emission and projectile charge-changing events. Recent since o contributes to oKnP it might be expected thatwork reoa tbhavio, in oa would af fect owa.  It is :Ii''' ,-'

O 
2 

has also shown that excitation and charge the resonant bi if

ransfer can occur together in a single encounter due to more difficult, however, to explain the apparent---,

a correlated electron-electron interaction, a process structure in 1,+1 since one would expect this cross

referred to as resonant-transfer-and-excitation (RTE). section to be independent of oh,.

We have measured cross sections for calcium K-shell This work was suppoited in part by the U.S.

x rays coincident with electron capture and loss for Department of Energy. Division of Chemical Sciences and

180-302 MeV Ca
q  

+ collisions (q = 16+, 17+. 18+, the Office of Fusion Energy. and the Science and

19+). In addition, cross sections for total K x-ray Engineering Research Council, Great Britain.

emission and total electron capture and loss cross References, .

sections were obtained at the same time. This work was 1. 3. A. Tanis, E. M. Bernstein, W. G. Graham. M. J-

Clark, S. N. Shafroth, B. N. Johnson. K. W. Jones.
performed at the LBL SuperHILAC. and M. Heron, Phys. Rev. Lett. 49, 1325 (1982). : . -

Figure I shows the K x-ray cross sections obtained
2. J. A. Tanis, E. M. Be.nstein, W. G. Giaham. N. P.

for Ca
1 7

+ ,H 2 collisions. oKap is the total calcium K Stockli, M. Clark, R. H. McFarland, T. J. Morgan,
x ray (i.e. Ka + K0) emission cross section, of-1 is the K.H. Herkner, A. S. Schlachter. and J. W. Stearns.

Phys. Rev.Lett. 13. 2551 (1984).

cross section for calcium K x rays coincident with

single electron capture, and o+l is the cross section 3. C. S. Oglesby. E. M. Bernstein, and 3. A. Tanis.

Bul'. Am. Phys. Soc. 29, 743 (1984). " "
for calcium K x rays coincident with single electron

loss. The measured cross sections for K x rays 7'

coincident with double electron capture and loss were E 8.0- C0 7-eH 2
negligible. Results similar to those shown for Ca 

1 7 +  
. .""¢".

were obtained for the other charge states investigated. ,..,-
From the figure it is seen that 

6
Ka exhibits a 4..'

neliib e Reulssiiart those shown foq 7 2
rising trend over the energy range investigated with 2. K a9"

some indication of structure. On the other hand. aL 1

is strongly resonant with two maxima and a is .6

generally flat except for a suggestion of minima near /

205 MeV and 260 MeV.

The maxima in a are attributed to RTE as seen by 0
8

-

comparison with the calculated RTE cross section
3  

(ORTE(X.80)

(dashed curve). The "resonant' widths are narrowe, §/
than those obtained previously for Ca17+ + Be collisions ( ,. .

dee to the smaller electron momentum distribution in the -KN - "

H2 target. For the same reason the minimum between the -

peaks is considerably deeper for the H2 target. For 010 '......'

ennrgies Z 260 M(V the discrepancy between experiment 80 200 220 240 260 80 300 ' ~5

and theory is very similar to that observed
2 

for Ca
1 7

+ + -- (MA7)

* oHe collisions: the origin of this discrepancy is not

understood at present. FIGURE 1. Projectile cross sections for Ca
1 7

- + I

• -- .. '•" ''.'.-- ...........- ,.. .. '--' -... -.....-......... .... .. ....-..- j-.--.---.--,-.--
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STRUCTURE IN HIGH ENERGY, MULTIPLY-CHARGED ION-ATOM ELECTRON-CAPTURE CROSS SECTIONS "

W.G. Graham
" '

, J.A. Tanis-, EM• Bernstein-, M Clark*, R.H. McFarlandf, TJ. MorganE
, 

K.H. Berkner**-

A.S. Schlachter*, J.W. Stearns** and A. Mullerff.

Physics Department, University of Ulster, Coleraine, N. Ireland; *, Physics Department, Western Michigan University,
Kalamazoo, U.S.A., f", Physics Department, University of Missouri, Rolla, U.S.A.; T, Physics Department, Wesleyan
University, Middletown, U.S.A.; **, Lawrence Berkeley Laboratory, Berkeley, U.S.A.; fi, University of Giessen, West
Germany.

In theoretical calculations of single-electron decreasing background, the increase in the electron- - -

capture in high-energy, multiply-charged ion-atom colli- capture cross section is approximately 2 x i0
-
21 cm

2 ,

sions, the cross sections are found to vary monotomi- which is of approximately the same magnitude as the RTE

cally with the projectile onergy. cross section.

Evidence ,f strtctjre in. the energy dependence of A second broader maxima in the RTE cross section

slugle-electron-<apture cross sections has been found in is observed at 6.9 MeV/amu. In the present electron-

the orsert mesrements of electron capture in 180 to capture cross sections no distinct structure is observed.

3L5 MeV Ca
q  

(q=16 to 19) collisions in H-. However there are indications that RTE is contributing .-

Resilts for Ca and Ca17
+ 

are shown in the to the electron-capture cross section in that the energy
lb+ 9 r,fLre 1. (The results for Ca and Ca are similar.) dependence in this region is not as pronounced as might

be expected. In the present measurements the energy

dependence in this region varies from about E
° 
to E

- 2

whereas the electron capture cross section might

2 -4
normally be expected to decrease at around E at

The results illustrate the necessity to include

RTE in theoretical formulations of ion-atom collision

interactions.
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Figrure I. Single-electron capture cross sections for,O,

Ca and,, C in n 2 . The error bars indicate the

relative unLertainties.

For all charge states there is a distinct increase

in the electron-capture cross section at around 5.4 MeV/

amu. This can be attributed to a contribution from .- .

resonant-transfer and excitation (RTE) to the electron-

capture channel. This structure occurs at the same

energy as the first maximum in the RTE cross section for

these collision partners. Assuming a monotonically
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CAPTURE, RTE- AND NTE-PROCESSES INTO HIGHLY-CHARGED 3.6 MeV/u Smq+ PROJECTILES

W.A. Schonfeldt, P.H. Mokler, D.H.H. Hoffmann, A. Warczak*

GSI, P.O. Box 110541, D-6100 Darmstadt, FRG
*Permanent Address: Jagellonian University, Cracow, Poland

The transfer of electrons from rare gases the increase of the projectile binding energies En

(HeAr,Xe) into 3.6 - 4.7 MeV/u 62Sm
q+ projectiles was with the charge state q. Only for q around 48 the RTE .°",

studied for high incoming charge states q with 33 <q condition IELI - EM +EM.- = me V 1proj./2 can be ful-

< 54. The L- and M-x-ray emission of the projectile filled for the varibs 4. -subshells, resulting in

was used to extract information on different electron the cross section enhancement. .m

capture processes. Additionally, to a pure capture of The NTE process was observed for excitation

target electrons, a projectile core excitation may between L subshells of the Sm projectile for incoming

occur. These transfer and excitation processes can be L vacancies. Incoming L-vacancies ( q Zm 53) are

of resonant and of non-resonant type, called RTE and certainly in the L3-subshell and not in the L2 shell
NTE, respectively (Refs. 1 and 2). Information on all at the beginning of the collision. This is due to the

three processes - capture, RTE, and NTE - will be short lifetimes in such a high atomic number projec-

extracted from the q dependent x-ray spectra, tile. All the x-ray transitions to the L2 shell,

Transfer and excitation processes have been found called L in Fig. 1, are therefore caused by a

recently by measuring the K x-ray emission for Li-like non-resonant excitation of a L2 electron into the open

projectiles in coicidence with charge changed projec- L3 shell in connection with a capture of a target

tiles. The impact energy dependence of the cross electron into higher shells. The NTE cross section was . - -
sections gave the signature for RTE and NTE 1,2. In found for this process to be ONTE = 2 x 10"  cm2 for

decelerating highly charged Sm projectiles - for the q 54. This value has to be compared to the single
ASO method see Ref. 3 - we were able to study L-shell electron capture cross section extracted to be for q =

RTE and NTE processes without any coincidence require- 54 a 8 x 10
"
17 cm

2
.

ments. This is due to the fact, that at high

projectile charge states and correspondingly low ........ .

projectile velocities electron capture processes

dominate strongly any pure excitation or ionization SN(N-
-

processes in the projectile. The signature for RTE and

NTE is here the charge state dependence of the x-ray _ 0o O-

cross sections. z0o. o
Z0

Figure 1 summarizes some of the measured x-ray _ "

cross sections as a function of projectile charge Smq+ Xe.
state. The Sm-M radiation reflects the capture to , j06 at 36MeV/u

excited projectile states. After opening of the 0

projectile L-shell - q > 52 - the captured electrons x01MN._L -o f /...'••

can cascade down to the L shell giving rise to the ""

tremendous L x-ray emission. From a detailed analysis x Jos. -A.-A---
of the total L x-ray spectra the original n,l " -

distribution of captured electrons could be extracted. sm

For one incoming projectile L vacancy, for example,

the capture into the 4f level dominates. 10 s"is 0 " o. . ' . . o..5. •-
The Sm ( L,+L ) x-ray cross section in Fig. 1 PROJECTILE CHARGE STATE q.

reflects in some way the number of L3-shell vacancies

after a collision. In the charge state range 46 _<,q < Figure 1 L and M x-ray emission cross section.

52 (closed incoming L shell) we find a hump in the

L,+L. x-ray cross section. We attach this hump to the References

L1MiM j  - RTE process with a total maximum cross 1. J.A. Tanis et al., Phys. Rev. Lett. 49 (1982) 1325

section of TE 2 x 10-
"  cm'. This is about two .

orders TERTE reported In the 2. J.A. Tanis et al., Phys. Rev. Lett. 53 (1984) 2551

literature 2. In detail the observed hump Is due to 3. P.H. Mokler et al., Nucl.Instr.Meth.B4 (1984) 34

. . ..
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EXCITATION AND IONIZATION IN Sill+ + lie COLLISIONS

M. Clark*, J. Anthonyt, J. K. Swenson and S. M. Shafroth

Department of Physics and Astronomy, The University of North Carolina, Chapel Hill, N.C. 27514
and Triangle Universities Nuclear Laboratory, Durham, N.C. 9W

Using an experimental arrangement illustrated and ionization cross section at 25 MeV is suggestive of L-

described in a recent paper by Clark et. al. 1, we have shell velocity matching which should occur at - 34 MeV. d. .

measured Si K x-ray excitation cross sections (Fig 1), (K-shell velocity matching occurs at - 136 MeV).

sill+ to Si'2+ single ionization cross sections (Fig. 2) 1i A
In the light of the new information obtained hereand Si K x-rays in coincidence with S

1 2 +  
ions (Fig. 3)

and progress in the theory, it would be interesting to
irising from Si

l l
+ on He over the energy ranges shown in

the figures. Work is in progress to extend these reanalyze the 1978 work of Doyle et. el.3, who
calculated the charge-state dependence of the mean K- '.° -""-

measurements to H2 , Ne and Ar target gases. We conclude, call thencharge-sta 
+ 

d ns of he mea ""

shell fluorescence yields of Sjq+ ions on He.based on these results and those of reference 1, where

This work was supported by the Chemical Sciences
Si

+ 
on e for the case of electron capture and K x-rayU.S. D.O.E.

excitation were measured, that the primary process
* Present address, Physics Department, Western Michigangiving rise to K x-ray production in this energy range

is the is-
2
p excitation of the Si

l
l+ projectile without Unv, Kalamazoo, I 49008

tPhysics Department, North Carolina State University andeither capture or loss of an electron taking place. 41
TUNL

This is because the coincidence cross sections for

either capture or loss are less by an order of magnitude t "" 
. ' "

than the x-ray excitation cross sections. Also theory F. ,. ..

is in agreement with this assumption. The solid curve Fig. I

in Fig. 1 is a Is-2p excitation cross section b .

calculation of McAbee
2
. To compare it with the data a

0 2 40 60 0 00fluorescesence yield must be included, and this would EMERG, MteV

bring the theory well below experiment since it is
thought to be of order 0.3. ..-..

Furthermore it appears that in the case of the
coincidence data shown in Fig.3, the primary process is

SINGLE ELECTRON LOSS
L-electron ionization and Is-

2
p projectile excitation 10 S,, H

rather than K-electron ionization and 2s-2p excitation 0C

leading to a K x-ray in coincidence with the ion beam Fig. 2 4 I '

which lost one electron. This conclusion is based on 4I. 4.

theoretical calculations of McAbee
2
, as well as the fact 2.. -5 "

2 . ,.-...
that L-shell ionization is far more probable in the I

energy regime for this experiment. The solid curve in ENERGY (MeV)

Fig. 3 shows a scaled ECPSSR calculation for K-shell

ionization and the dotted curve shows a scaled ls-2p

excitation calculation. Neither of these Is quite 2.5"Si He rIs2 "Si K" - " " .

appropriate, because the observed process is a double2. 2.0 "" "

one i.e. excitation and ionization. More precicely,0 Fig 3 1t

impact parameter dependent excitation and ionization Fg

probabilities should he convoluted to obtain the E O

theoretical cross section for the double process.

Nevertheless the data does follow the trend with energy .. '1:

for the excitation calculation. 0 20 40 60 -100

Energ (MV)
As for the electron loss data (Fig. 2), the References:

I. M. Clark, D. Brandt, J. K. Swenson and S.M. Shafroth,
absolute values of the cross sections are more than 10 Phys. Rev. Lett. 54, 544 (1985).

times the singles K x-ray cross section at 60 MeV and 2. T. L.McAbee, Nucl. Instrum. Methods 214, 89 (1983).
3. B. L. Doyle, U. Schiebel, J. R. Macdonald, and L. D.

much more at lower projectile energies. The rise in Ellsworth, Phys. Rev. A 17, 523 (1978).
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TARGET-THICKNESS DEPENDENCE OF THE Au L X-RAY YIELDS
PRODUCED BY 2.5 teV/amu SULPHUR IONS

A.Berinde, C.Clortea, AI.Enulescu, Oaniela Fluerasu, I.Piticu and V.Zoran

Central Institute of Physics, P.O.Box IIG-6, Bucharest, Romania

In energetic ion-atom collisions the electron cap- contribution to the thin target X-ray yields of EC to

ture (EC) to the bound states of the projectile shows up the outer shells has been estimated to be less than 5.

e.g. as projectile-charge-state dependence and (solid) and has been neglected. Thus id and c are the target .. -.

target-thickness dependence of the observed X-ray yields. X-ray production cross sections by direct ionization and

Compared to the K X-rays, its influence on the L X-ray EC to the projectile K-shell, respectively. In deriving

yields is by far less studied 
. 
Part of an effort to eqs.(I) we also assumed constant degree of excitation in.2

obtain reliable L-subshell ionization cross sections
2
, the Au outer shells along the tarqet. Indeed within the

this work provides the first investigation of target- errors we have found the same X-ray energy shift and

thickness dependence of the heavy partner L X-ray yields L /L ratio for all targets. The fit aives -1 -30(12x"
-

in asymmetric collisions. kb and the results shown in Table 1.

By means of two HPGe X-ray letectors located at 180 Table I. Result of fitting eqs.(l) to the data.

and 900 relative to the beam axis we measured the abso- All values in kbarns

lute X-ray yields by 80 MeV, 9+ S ions bombarding 0.3-250 5 - -

ug/cm
2 

Au targets. The overall experimental uncertainty Jc(o v 1.39(6) 0.64(6) 0.053(6)
1-3303)- o . 13 (2)

is of the order of 10%. The results are shown in Fig.l. cid 2.71(25) 1.33(13) 0.19 (2)

To the measured L X-ray yields we fitted as aTo themeasurd L Xray yilds w fitte as aThe cross sections for EC from the target L-sub- - '.-'''
function of the target thickness t the two-component - . ._.

model of Betz et a13: shells to the projectile K-shell have been calculated

with the formulae of Nikolaev
4
, by using for Au the expe-

cxi(t) = ai-(b./t)[-exp(-ct) , rimental binding enernies and for S the binding energy

-d+o (v/o)i b : o( / 2 for an averaqe charge state q = 13. When multiple ioniza- n '
i v i tion is taken into account (according to ref.2), the '"

Here I is the sum of the cross sections for K-vacan- ratios (Yo/o)c = 0.35 and (0 /3')c = 0.031 are lower
cy production (1v) and quenching in the oroiectile.The than the experiment by only aiout 20.,.From Jc and Taole 4,

an equilibrium fraction dv/3 = 0.02 of S ions with one K-

o vacancy within the tarqet could be inferred. Scaling c
40 S9 ++Au by a semiempirical factor would bring this value in clo-

135 - 80 MeV ser areement to the corresponding post-foil fraction
5 .

30' -Lc( From the X-ray angular distribution in the range
3'0 L = 150 - 900 we obtained the L3-vacancy alignment para-

25 meter AA20 =-012(3) and -0.095(4) for 6.3 and 136 .,g/cm

o 20C respectively. Even after correctinn for the Coster-;,ronig

00' - 17~ attenuation ( = 0.8 - 0.9), the alignment remains inde-

pendent of the tarqet thickness, at variance with te

-- .- I 5C predictions of the st order EC theory Also, its thin

,x target value, I ike - of Table 1, is in disagreement to

I ~ . advanced SCA calculations.025 ," 
.
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01 1 10 100 *0~t()g/cm2 )

Figure 1. Absolute Au L X-ray yields 'xi(i -v ,,1) vs
the target thickness for 0x=BO(o) and 900(e). Full -
line: fit to the data according to eqs.(l).
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L-SUBSHELL VACANCY PRODUCTION AND MULTIPLE IONIZATION EFFECTS IN S+Au
COLLISIONS

A.Berinde, C.Ciortea, AI.Enulescu, Daniela Fluerasu, I.Piticu, and V.Zoran

Central Institute of Physics, P.O.Box MG-6, Bucharest, Romania

In order to investigate the influence of the multi- 2.5 MeV protons. The latter are considered to be characte-

pie ionization upon the ratios of the L-subshell vacancy ristic for singly-ionized atoms. Thus, the present method

production cross sections as obtained from the X-ray of investigating the outer-shell ionization is a method *.4,',

yields, we bombarded a 70 -glcm selfsupported Au target of yield shifts". Knowing PN we extracted p0 from

,it; 0.5-2.5 MeV/amu S ions end detected the X-rays at L ,3 1 vs L., L. In the energy range 0.5-2.5

550 relative to the beam axis by using a HPGe detector. MeV/amu P.j is increasing from 0.038 to 0.128, PN 0.43

Assuming a multiple binomial distribution for outer and pO is decreasing from 0.45 to 0.42. These probabili-

shell vacancies and using the scaling rule of Larkins ties give the number of the spectator vacancies in the

we have found for the LX-ray yields the weli known rela- subshells involved in the L-vacancy decay, irrespective

tions 2, where the (effective) atomic parameters are ex- how they were produced (ionization, rearrangement,

pressed in terms of those for the singly-ionized atom and shake-off, etc.).

of the probabilities pi of single-electron ejection from The multiple ionization reduces f2 3 by about 30% re-

the i-Mt-, N-, and 0-shells simultaneously with L-shell lative to its singly-ionized atom value, while w2 and u3

ionization, we checked that this procedure is valid for are increased by about 20% up to 30% when the projectile

PM values at least as high as 0.2. Compared to our pre- energy varies from 16 to 80 MeV. Mostly affected by the

vious work for lighter ions 
3
, the present results take blocking of the LI-L3M4,5 transition are , I and f12 "

into account the blocking of the L1 -L3M4 ,5 Coster-Kronig Their values relative to the unperturbed ones are com-
transition in the presence of an I-vacanc,. pared in Fiq.1 to the corresponding ones when blocking

The probabilities PM and pN entering the effective is neglected. The increasing difference between the two

atomic parameters were obtained from the L /L and L /L sets of values reflects the increase in the average

yield ratios, respectively, measured under S bombardment' number of M-vacancies.

and compared to the corresponding ones measured with Starting from the atomic parameters of Krause and

5
-r - Figure 1 Perturbed ato- the radiative partial widths of Scofield and taking into

mic parameters relative account the multiple ionization, we extracted from the
- to their values for

>''1 singly-ionized Au atom measured X-ray yields the ratios cL/ Land aL /aL3. They

2 '- • ° jaU vs bombarding energy, are compared to the values obtained with unperturbed, , i t h o ( f u l l s y m b o l s ) a n d' . .. - " •

without (oen symbols) atomic parameters in Fie.2. The multiple ionization/ blinouthoen ybl)-

7 bocking the, L-3 M 4,5  effects, and for L,/aL 2 especially the blocking of the• o o
°  

oo ,fi2 Coster-Kronli ";
1;2 trston L1 -L M4 5 Coster-Kronig transition, bring the energy de-

'- - transition: pendence of the cross section ratios in qualitative agree- ;. .

ment to that observed for lighter projectiles. The dicho-

0 _tomy suggested in ref.6 becomes thus superfluous.

05 Ie 5 At 80 MeV, the target thickness dependence
7 
of the

3 , V/a- n --- L/k ratio is negligible, while the value of OL

OLi * L2 extrapolated to zero thickness is by only 18% higher than

O-L2 L 3 the equilibrium value. Thus, neither multiple ionization

2 nor electron capture to the projectile can explain the

discrepancy between the experiment and the predictions

02- of the ECPSSR theory for direct ionization (Fig.2).
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PROJECTILE DEPENDENCE OF Au IONIZATION AT 0.5 AND 1 MeV/amu -.

A.Berinde, C.Ciortea, AI.Enulescu, Daniela Fluera~u, I.Piticu and V.Zoran

Central Institute of Physics, P.O.Box G-6, Bucharest, Romania ad
Previously

1
' we studied the energy dependence of of the factors C 12 and C23 by which these cross section

the multiple ionization (MI) effects upon the Au L-shell ratios differ from the corresponding ones calculated

X-ray yields using F and S as projectiles. In the pre- with unperturbed atomic parameters.

sent work we extend these studies for more projectiles 2

between C and S, at bombarding energies of 0.5 and I
MeV/amu. ° : -, 2 - TI 1H ~- C23

In order to obtain information on the outer-shell . . 15 "; "

ionization we used the method of yield shifts
2  

The .. I The

single-particle ionization probability of the M-shell .5

denoted pM
• 
is small at the impact velocities studied.C12

Its value has been obtained with sufficient accuracy for

F n ny1,2 0 I IF and S only
• . 

We checked for these two cases that 4 8 12 16 4 8 12 16
within 15% p,1 varies with the projectile atomic number Z.

as Z2. Therefore we used this scaling to deduce PM for Figure 2. Variation of the MI effects upon the L-subshell
ionization with projectile atomic number and energy

C, 0, F, Mg and Si from p1 for S (0.038 at 16 MeV and (---, 0.5 MeV/amu; -, I MeV/amu).

0.069 at 32 eV). The ,,alue of PN has been obtained from Our results for Au L-subshell ionization are compared

the L/L Y, intensity ratio for protons relative to that to the predictions of the united-atom version of SCA
6 

in
tor the predition ofjetie the united-atomn versio ofSAifor the heavier projectile. The corresponding ratio R Fi. 3. A similar comparison with ECPSSR has been done

has the form 1lPN(Zl)]/[1PN(1)] = 1+PN(1) pN(Zl) if by Jitschin
7
, however without taking into account the

one is assuminq that the M-vacancies are concentrated in multiple ionization. Even after considering it in the
the M4  subshells. The values of R are plotted in Fig. present work, the subshell cross-section ratios remain
against 1 1. The Z1I scaling rule predicts a linear in firss di~acreement to the available direct ionization

theories.
R 2 2':--i"-;

R.......The ratio R 2-L2 . -'.

(o, 0.5 AeV/amu; c'L.a3 .'"-"".a, leV/amu) vs 1

75r Z-t. Full line: .
I polynomial fit in •

50 100 200 2
2 .2 2

dependence of R on this variable, while the data favour ' I

a weaker decrease, in qualitative agreement to the pre- 8 12 16 8 12 16

diction of Becker et al.3. From a polynomial fit to the Z.

experimental values of R we obtained PN(Zl) - PN(1) =Fiure 3. Au L-subshell ionization cross section ratios

(-2.387 + 2.36 z1 + 0.027 Z) x 0 Finally, from the vs Z, compared to SCA calculations (T, --- : 0.5 MIeV/amu;
1 0 , -:I MeV/amu).

relation between Ly2,3, /Ly, and L,,,/L Y, intensity

ratios we extracted (I - po)/(1- pN). We have found that REFERENCES

this probability ratio is approximately independent of . A.Berinde et al., X84, Leipzig 1581, Abstracts p.
4
8

projectile and energy and in what follows we took an ave- 2. A.Berinde et al, these Abstracts (XIV ICPEAC) p.4O
0

rage value of 0.78. 3. R.L.Bec'er at al., Nucl.lnstr.lieth.232[B1], 271 (1984)

Using the above outer-shell ionization probabilities 4. M.Krause, J.Phys.Chem.RPef.Data 8, 307 (1979)

to modify for MI the atomic parameters of the singly- s.J.H.Scofield, At.Data Nucl.Oata Tables 14, 121 1575)

onized atom ', we evaluated from the measured yields 6. F.Rosel et al., Z.Phys. A304. 75 (1962)

the cross section ratios k 'L and The impor- 7. W.Jitschin, Nucl.instr.meth. 232 [B4], 292 (1984

-: tance of the IIl effects is expressed in Fig. 2, :n terms
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COMPILATION AND ANALYSIS OF K-SHELL X-RAY PRODUCTION '-5.

BY HYDROGEN AND HELIUM IONS IN ELEMENTS FROM BERYLLIUM TO URANIUM
':. -.- ,

C. Lapicki %

Department of Physics, East Carolina University, Greenville, North Carolina 27834, USA

Rutledge and Watson
I 
originated extensive tabula- 1.2 *.. __

tions of inner-shell cross sections by ionic projectiles +0.8

in atomic targets; their compilation was restricted to ZI = 1

K-shell ionization by H and He ions and reported some H Protons 1. i

600 x-ray production cross sections in 1973. In a 1978 o --

-. squl
2  

-. H Hsequel, this compilation was extended to about 1200 0 w.,_ - /
x-ray production cross sections by H and He ions and r P
covered, as well, K-shell ionization cross sections by oil-- - - --

ions heavier than helium; compilations of L-shell loniza- -- L

tion data also exist.
3 

In one of his most recent analy- -0.4

sis,
4 

Paul uses some 3200 cross sections for protons 0.9

alone and normalizes these data to predictions of the__| O L-2 """"-
5 5 -0.

ECPSSR theory. In our original analysis, we have scaled E

about 2600 K-shell x-ray production cross sections to 0 P 0.8

the results of this theory. The deviations of experi- -1. R S

ment from the ECPSSR theory were found to be, on the L Range of Zs R

average, within 10%. Analogous analyses by Paul re- 0 4-92:

vealed, however, that this theory systematically over- 0 0 O 0.7

estimates the data in the slow collision regime; pro- 68-92: H S
gressively so with the decreasing projectile velocity. %

As of February 1985, 1 have compiled some 5400 K x- J
-t I L I I I I I I 1 I 1 .

ray production cross sections by protons, deuterons, -1.4 -1.0 -0.6 -0.2 +0.2 +0.6

and He ions. After conversion to K-shell ionization log(vl/v2 K)

sections t, hese data are divided by the pre- Fig. 1. Ratios based on circa 3600 experimental cross
K 6 FBORN sections to the first Born approximation (left-hand

dictions of the first Born approximation K side logarithmic ordinate) and to the ECPSSR theory

ECPSSR theory,
5  

ECPSR, which goes beyond the first (right-hand side linear ordinate) calculations; Z2 is
K target's atomic number. " -2 -

Born calculations. For each projectile, the ratios so Mi -
obtained were grouped, arbitrarily, in equal (0.2 in
length) intervals on the log(vl/v2 K) scale; v1 and v2R target atoms oscillate in opposite directions around

are the projectile and K-shell target electron velocities, these averages. Reasons behind nearly complementary dis-

respectively. An arithmetic average of all cross sec- crepancies, in collision svstems with the largest

tions in each group so defined is found, all data within (ZI/Z2 1 1/8) and the smallest (Z/Z= 1/80) projectile-

the group are rejected if they differ by more than a to-target atomic number ratios, will be discussed. owl,

factor of 2 from this mean, a new average is found, and This is a preliminary report on the work supported

the rejection is made again from all data in the group by by the National Bureau of Standards Grant NB82SAI)A3033.

the same criterion. Typically in two but no more than Referencs

three iterations, the averages converge to constant 1. C. H. Rutledge and R. I.. Watson, At. Data Nuct. Data
Tables 12, 195 (1973).

values which are plotted in Figure 1. --.
Only proton data are analyzed in this figure; the 2. R. K. Gardner and . .1. Gray, At. Pata Nucl. IaLa

Tables 21, 515 (1978) and erratum, ibid. 24, 281(1979).

data for other projectiles exhibit similar trends. The 3. T. L. Hardt and R. L. Watson, At. D)ata Nucl. lata

failure of the first Born approximation and the relative Tables 17, 107 (1976); R. S. Sokhi and I'. (rumpton,

success of the ECPSSR theory are confirmed here. ibid. 30, 49 (1984). . :.
4. H. Paul, Nucl. lnstr. levts. B '13, 5 (1484) and

Residual deviations of the ECPSSR theory from the references therein to hi previous anlses.

data are statistically significant. While the data for 5. W. Brandt and (. l.apihki, Tlis. Rev. A 23, 1717 (1981).

moderately heavy and light target elements are in 6. G. S. Khandelwal, B. -H Choi, and E. lrzbadh,-r, At.

agreement with the averages of all data and with this Data Tables 1, 103 (1969).

theory, the cross sections for the lightest and heaviest

I" %
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CHARACTRISTIC FEATURES OF EJECTED ELECTRON SPECTRA FOR 5-25 keV He
+ 

IMPACT ON NEON

N. Tokoro, N. Oda and T. Ichimori

Resarch Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Tokyo 152, Japan .

Although detailed information concerning electron the best fit to the experimental continuum spectra is

processes of ion-atom collisions can be obtained, and reciplocals of B as functions of the

obtained from measurements of ejected electrons as internuclear velocity are plotted in Fig. 2. As can be - - - .

functions of the angle and energy of the electrons, seen in Fig. 2, the reciplocal B is closely .. %

such experimental investigations in the intermediate proportional to the internuclear velocity in accordance - * ' .

energy region (a few keV to several tens of key) have with theoretical formula. On the other hand, similar

been rather scarce so far. More data for various dependence of energy distribution of ejected electrons

collision systems are still needed to study electron has been reporteded in a few keV/amu to several tens of -, -

production mechnisms from the viewpoint of keV/amu H
+ 

impacts on hydrogen and nitrogen molecules

quasimolecular approach. Recently, we have reported by Rudd
3 ) 

and Ne impacts on neon by Woerlee et.

strong collision-velocity-dependent features for both al., 4) and interpreted as a result of the so-called

target and projectile autoionization peaks in the He
+
- direct MO ionization. Thus, the electron production

Ne collision system. For neon lines, autoionizing mechanism for the continuum part in the present He+-Ne

states with 
2
p vacancies such as K2s 22p4 ( ID)nln'l' are collision system may be also atributed to the direct

dominant for incident energies less than 10 keV, trnsitions to continuum states from bound states of

whereas those with 2s vacancy such as K2s2p 6 (S)nl or quasimulecule which rapidly promote during collision.

K2s2p(1 ' p)nl are dominant for higher incident

energies. In this work, measurements have been

performed at extended electron energy region to

investigate continuum part of spectra for the He+-Ne

collision system. Ejected electron spectra at 900 from

5, 15 and 25 keV He -Ne collisions are shown in Fig. I.

As can be seen in Fig. 1, the energy distributions of I I

continuum electrons are well represented by the He+ - Ne /

exponential functions of the electron energy. Since 15"

the exponential energy dependence of ejected electrons
having such a functional form as exp(-E-b/v), where E O

is the electron energy, b is a constant, and v is the

internuclear velocity, is theoretically expected to 10

result from the direct transition to continuum states

from bound states of quasimolecule, we determined Ica

parameters A and B in the function A-exp(-B'E) so that o(E,)- -AeB

Fe
+ - Ne 90dog O=9Odeg

1 $V . 54 ;A2SkeV , , , , ,

5 30 0.2 0.4 0.6 0.8
10 iInternuclear Velocity (a u

2 Fig. 2 Reciplocals of B plotted as functions of the
10 ".internuclear velocity

10' (V
References

0 _ 1) N.Tokoro and N.Oda, J. Phys. B 17, L871 (1984)
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S11th Int. Conf. on the Physics of Electronic and
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ELECTRON EMISSION IN COLLISIONS OF C+ IONS
WITH ATOMIC AND MOLECULAR TARGETS*

L.H. Toburen .,'.° ,

Pacific Northwest Laboratory
Richland, WA 99352

Although extensive data exists regarding the via coupling between bound and continuum states as

details of ionization in collisions of bare ions with discussed by Woerlee et al. 1 and Rudd 2 . ';'

atomic and molecular targets, there have been few It must be emphasized that the data of Fig. 1 are

studies of the energy and angular distributions of for electron emission at 900; additional spectral

electrons produced in heavy ion-atom collisions, features are observed at other emission angles, see

Studies for low energy collisions, i.e., <i au, Fig. 2. The exponential shape of the spectra is still

indicate that the primary mechanism responsible for 0

electron emission in light collision systems is 2'---C -N0O

direct coupling between the bound and continuum

states of the quasimolecule.l, 2  In high energy 717
collisions the dominant process is coulomb ionization '-"•"

which can be scaled from proton results if proper
account is taken of the effects of screening.

3 ,4  E

The present study addresses the intermediate o 60

energy range to investigate the features of the elec- N , " _ •,

tron spectra in the region where the ionization Vo 1 ,:_
process is in transition from predominantly molecular .- .
processes to those of a coulomb nature. Data were *:"'\" ".

300 600 900 '20
obtained from singly charged carbon ions with E E-- -:

energies from 800 key to 4200 keV (,ul.3 to 7 au) for
FIGURE 2.

He, Ar, and CH4 targets and for 800 keV to 2400 keV

for neon targets. Electron spectra were recorded at
13 angles from 150 to 1300 for ejected electron evident at the high energy end of each spectrum, but

energies from approximately 10 eV to 1200 eV. features resulting from coulomb processes are now

The electron spectra obtained for ionization of present at lower electron energies. In particular one

neon by C+ are remarkably similar in shape and observes a broad peak at ve = vi due to electrons

magnitude to previous results for neon ions. 1 This stripped from the moving ion, a broad distribution

is illustrated in Fig. 1. In all cases the spectra representative of a binary encounter peak (the - -

approach an exponential shape at the higher electron kinematic position is indicated by the arrows in the

energies. This is consistent with electron emission 15' and 30* spectra), and Auger peaks resulting from

inner shell ionization of the incident carbon ion. It
.. c" on Ne(Present Wok k is expected that the broad range of data developed in

- Ne
2

- onNe Woeeeet0am this study will enable evaluation of the relative
1o 9 - 90 significance of the different mechanisms responsible

for ionization in this energy range.

> 10 20 - 2400 oov *Work supported by U.S. DOE Contract DE-ACO6-76RLO

* 1830.

10 21 - 000 1. P.H. Woerlee, Yu. S. Gordeev, H. de Waard and
S80o F.W. Saris, J.Phy.B 14, 527 (1981).

10 22- 2. M.E. Rudd, in Higqh-Energy Ion-Atom Collisions,

300keV ed. by 0. Berenyi and G. Hock (Elsevier, New

10 23 I O 2 York, 1982).
0 100 200 300 400 3. L.H. Toburen, N. Stolterfoht, P. Zeim, D. " "

ElectronEnergy(eVJ Schneider, Phys. Rev. A 24, 1741 (1981). Miet ter
4. S.T. Manson and L.H. Toburen, Phys. Rev. Letters -.-. 7

FIGURE 1. 46, 529 (1981). '.0""
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IONISATION AND CHARGE TRANSFER IN COLLISIONS OF H
+ 
AND He

2 + 
IONS WITH Li ATOMS s. - .

M B Shah. D S Elliott and H B Gilbody -

Department of Pure and Applied Physics, The Queen's University of Belfast,

Belfast, United Kingdom
.* .' .,'

A crossed beam coincidence technique incorporating He2+ impact over a wide range of energies. For H+

time-of-flight spectroscopy of the collision products
1  

impact, values of az, measured by IW'in et a
II 

are

has been applied to studies of about a factor of two larger than our values. ''..'''.

+ Li I . Li* -e single ionisation (1) , .
* X(Z-l). + Li+ one-electron capture (2) a

. X + Li+ + • transfer ionization (3) a>• "

" X (Z ) + Li
2  

+ 2e double ionisation (4) 8

Cro sections for the separate processes I - 4 have . .. *3 0\

been separately determined for X ions of H and He
2
+ . .

at impact energies within the ranges 43-2100 keV im
-
1 e

and 22-1400 keV amu
1 

respectively. The results ,

provide a valuable assessment of a number of recent L '0 7

theoretical predictions and are relevant to schemes for , 'so' Ii

plasma diagnostics in fusion devices.

The primary ion beam was arranged to intersect (at -

right angles) a beam of Li atoms effusing from a soft 10100 10 100 1000 " . '". " ",
iron furnace. Slow ion and electron collision products Energy (knv/em"'iu

were collected by a transverse electric field and Figure 1 Cross sections for single ionisation of Li
separately counted by multipliers. Li

+ 
or Li

2
+ product Iby Hf+ and He2 + impact (process 1)

ions were distinguished from background gas ions by 7 present data Theory, C (TUC Method
7
, P, Horn

8
, NcG,

their characteristic times of flight to the multiplier. Born
9
, EB, Clos coupling

1 0
. BK Classical impulse

6

Ionisation and charge transfer events were recorded by Equlvelocity electron impact, IA
4

, JHB
5
. .1,

separately counting slow Li product ions in coincidence
with electrons and a coincidence of the ions with a >-,'-'."- .

Our measurements show that the transfer ionization
third multiplier used to detect fast charge analysed

+Z1ecliinpout
2  

l rs etoswr process (3) contributes up to 5% of a,, for H+ impact
X

- ) . 
All cross sections were and up to about 25% of a., for 1e

2 * 
impact. The double

normalised by reference to our previously measured
ionization process (4) is the main Li

2
+ production

absolute He
2 + 

impact cross sections
3 

for (2) in the
mechanism; at 550 keY smu-

1 
the ratio o(4)o(3) is 34.0

range 22-200 keV amu
- 1 

and are subject to an
and 7.4 for H+ and He

2
+ respectively..

uncertainty of ± 20% in absolute magnitude.

leferomees
Our cross sections for process (1) are compared

with other data in figure 1. Previous measuements for 1. M B Shah and H B Gilbody, I Phys B. 14. 2361"(1981). 
-.

equivelocity electron impact
4
'
5 

are rather smaller than 2. M B Shah and H B Gilbody, J Phys B. . 3441 ..

our H+ impact cross sections even at the highest (1982).
3. R W McCullough, T V Goffe, M B Shah, N Lennon and B

velocities, but the agreement is still within maximum B Gilbody, J Phys B, ., 111 (1982).

combined uncertainties of 35%. Classical impulse 4. I P Zapesochnyi and I S Aleksakhin, Soy Phys JETP.
28, 41 ( 196 9).

calculations
6 

for H
+ 

impact and CTMC calculations
7 

for 5. R Jelin, R agemann and R Botter, J Chem Phys..j_,

both H and He
2
' impact are in excellent agreement with 952 (1973).

estiates
8
'
9

eee foreempect all 6. D R Bates and A E Kingston, Adv in Atom and Molec
our measurements. Born estimatesg

,9 
for H

+ 
impact ell Phys, 6, 269 (1970).

liebeowou masre vlus.7. R E Olson, J Phys B, 15, U167 (1982).
8. G Peach, Proc Phys Soc (London), 85, 709 (1965). -A
9. E J cGuire, Phys Rev A, 13, 267 (1971).

In the case of one-electron capture, our 10. A M Ermolaev and R N Hewitt, Nuc Inst Methods, in

course of publication.
measurements show an excellent agreement with the total 11. R N IN 'in, V A Oparin, E S Solov'ev and N V

cross sections o, measured by McCullough at a1
3 

for Fedorenko, Soy Phys JETP, 11, 921 (1967).

p. . ..



2.1 .. ".4

406 P85

CROSS SE=IONS FOR ITNIZATTO!; LMD CoITR':~

Akio itch ,:~ Rudd, and T.7. loffe~

University of Nebraska-Lincoln, Lincoln, :ebraska oo-C~ S

Comprehensive measx-ements 3f total cross sections 10 I

for ionizat ion and electrorn transfer have been performned ---
Ar ~.

over a wide energy range of 3 e'ions for a variety of --.

atomic and molecular tar;aets. Prolectile enemsies used ri ".

E "--
for ionization and charge transfer were 10-300) ke'J/u and H- Hz

0 '~?Xurespectively', a.pi to-e target gases %-ere He, G
~' *2' 0" CC, C Hlt, and ?I') he cross /H

* ____ _ecin -7+nd c corresponding respectively to the N 00~N~

on of ositive and negative charre were measu red /
tyh e tr-ansverse field method using a parallel plateb / /

e-e-orde apparatus.' S' ge and double electron/

* at~e cross sections, 721 and 01~ wer meaure by 0. 0

* etrsatoseparation of the charge components of the 10 100 1000
t-L . er -rassi-n- through a moown length of the target EP/Mp (keV/u)

z-as a_ _ measured p-ressure.3 Since the total charge of -i_ . 2 C.parlscn of resen-t 0 ata slc i ,

iilsion nartners must be conserved, the ote aa re. orf ashea lines
reo-resent

2*resondin7 four cross sections have the following

rnterrelationship derived by neglecting three-electron f.Ioeot ~ :oss r '.e

*a, -r cross sections. cons. The results show.. a -ha'-p- -e

= + + ~~~~~rositve ion oout o ~ lrc+ - 21 +~

:ne ms't reliable cross sectlcns were then deduced in a cha.nnel at hih mzao enr~e anc tyrars '-"

ma:-ost n aner bo 7ax/irp a weigrhted least-sciuare at: :o,.: en=r-le.-n __ :e

:;I~utmnto the fo-ur measu.red cross sections to- sections 7- fcr H 0"-

sat-sfy' the abo':,e reain at each =mact ener ,i. proton impact data denoted. t-: Ades._ Ine 7- no ros

* c"aioe o h final cross sections ottatneod in sectfons are rloote! c-dn3ca-,n
-- 43 -,.ax' were tma I'about; 15 c, Prdced :the c Az L_- ac

lata are considera'bl-:3, -e

___________________ rotcn im7pact. data r .L

No ~lovst~ratea, oi
10 co ~cnes

C.C"

E -

CJ

1 7

10 100 500 7.
Ep/Mp (key/u)

P1. resent cro;ss sectfons for ::e ta _e otaifned
by thne acllustrent nrcedure (see t.ext'.

..................................................... .. .. .
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IONIZATION OF RARE GAS ATOMS IN 1.05 MEV/AMU FULLY STRIPPED ION IMPACT

H. Shibata, S.H. Be, T. Tonuma, H. Kumagai, M. Kase, T. Kambara, I. Kohno and H. Tawara*

The Institute of Physical and Chemical Research(RIKEN), Hirosawa, Wako-shi, Saitama 351, Japan
*Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan

In order to investigate the systematic behavior of these data to obtain the cross sections at 1.05 MeV/amu

ionization processes by fully stripped ions, we measure impact energy, assuming that the ionization cross ., .

total apparent ionization cross sections o+ (=Zio i  section at this energy region decreases inversely pro- ." ,..,,

where oi is the cross section for production of recoil portional to the impact energy. The present data are -'

ions with charge i, B 
i+
) using a condenser plate also found to be in good agreement with these data

method. The yields of recoil ions produced in ion presently available.

impact are measured as a function of the target gas To find the dependence of the ionization cross

-4pressure up to about 10 Torr, ensuring single sections on the atomic number of the fully stripped
collision conditions. ions, a least-square fitting in the form of a+ o0 Z

a

The present experimental results for ionization is made including all these data. The following results

of He, Ne and Ar atoms in 1.05 MeV/amu He
2
+, C6+

, 
08+ are obtained at 1.05 MeV/amu ion impact:

and Ne ion impact are shown in Fig. 1, together
I -16 2

with the experimental results by Rudd et al. in Target a ao  (xO cm

proton impact. The electron impact data with He 1.84 0.23

equivalent velocity (%572 eV) (Rapp and Englander-

Golden
2) 

are also plott2d at Z = 1 projectiles which Ne 1.69 0.61

are in good agreement with proton data. Data in other Ar 1.68 1.52

projectile ion impact by Schlachter et al. 
3
, Hvelplund4

et al. and Knudsen et al.
5 

are also shown. Some of In Fig. 1 are plotted with the dotted lines the results

these data have been taken at slightly different calculated by Olson
6 

using the classical trajectory

impact energies. Therefore, a correction is made for Monte Carlo method. The agreement between the present

data and this calculation Is generally good for He and

i0_14 Ar, but the discrepancy in Ne is significant. .

", Ar FICURE 1. Total apparent ionization cross sections for
He, Ne and Ar atoms plotted against the nuclear charge5 7 of 1.05 MeV/amu fully stripped ions. open circles:
present data. closed circles: Rudd et al. (Ref. 1). ...

7/ Ne crosses: Knudsen et al. (Ref. 5). closed triangles:
Schlachter et al. (Ref. 3). closed squares: Hvelplund
et al. (Ref. 4). open triangles at Z = 1: electron

He data of Rapp and Englander-Golden (Ref. 2). The dotted
lines represent the calculation by Olson (Ref. 6) and
the solid lines the least-square fitting to experimental
data.

5
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ELECTRON EJECTION IN He+  He COLLISIONS:
EXPERIMENT AND THEORY* '" j,

R. D. DuBois# and S. T. Mansont

# Pacific Northwest Laboratory, Richland, WA 99352 (USA)
tGeorgia State University, Atlanta, GA 30303 (USA)

Ionization of atoms by fast bare ions can be dominant contribution to the measured fractions are

fairly well represented theoretically within the processes (c+d). At lower energies the theory . -4,.

framework of the Born approximation. Fast structured underestimates the measured fractions however the

ions, on the other hand, arrive at the collision importance of process b is clear. For the highest

center containing bound electrons of their own. energies shown, theory is again too small, although

These electrons partially screen the incoming nuclear here the calculations are difficult to perform.

charge. In addition new electron ejection channels Additional experimental and theoretical details

are introduced. Thus the theoretical calculation is will be presented. In addition, a similar

far more complicated. comparison will be available for He+ - Ar

Past experiments measured only the total elec- collisions.
tron emission as a function of emission angle and *DOE Contract DE-ACO6-76RLO 1830 and U.S. Army
energy. Thus the individual components of the theo- Research Office Contract DAAG-29-83-K-0054
retical model needed to be summed in order to compare 1. S.T. Manson and L.H. Toburen, Phys. Rev. Lett.

with experiment.1  46, 529 (1981).

Recently preliminary measurements of the elec- 2. R.D. DuBois, Second Workshop on High Energy

tron emission measured in coincidence with an ionized Ion-Atom Collision Processes, Debrecen, Hungary

projettile were reported. 2,3 The system studied was (1984).

He+ - Ar for which no theoretical information was 3. R.D. DuBois, Bull. of Am. Phys. Soc. 29, 1091

available. Here we present additional data for a (1984).

simpler system He+ - He and compare it with theo-

retical calculations made in the Born approximation. I.11_.',

The data are for 1.6 MeV He
+ impact and electron b- + 3 ,,i' '

emission at 300. In order to reduce the experimental 1.6 MeV He
+ 

- He

uncertainties, the data are presented as the fraction 300 . -

of the electron emission in coincidence with an ion- ] '..-

ized projectile with respect to the total electron * " . .,

emission. These fractions were measured from Z exit. -- low
approximately 10-1000 eV as shown in Fig. 1. The H

experimental uncertainties for these data are

dominated by statistical uncertainties (10-20% for

the coincidence data and <10% for the total electron b"

emission data). * L
The experimental data are compared with - .

theoretical calculations that assume four electron (c+d)

ejection channels: a) target ionization with the
projectile remaining in the ground state, b) target [
ionization with the projectile being excited

(excitation includes ionization), c) projectile .2...._L...•.... °,..Lr.LL"
ionization with the target remaining in the ground 2 3

state and d) projectile ionization with the target log ELECTRON ENERGY (.Y)
being excited. Processes (c+d) and (b+c+d) should be

lower and upper limits, respectively, for the FIGURE I .

measured fractions.

As can be seen, in the region of the peak theory

slightly overestimates experiment. Here the -

• . . :- . ... •. - -. . . . . ,. . .
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%
IMPACT PARAMETER DEPENDENT EMISSION OF ELECTRONS IN ION-ATOM COLLISIONS . %

G. Schiwietz, T.J.M. ouros, U. Stettner, N. Stolterfoht

Hahn-Meitner-Institut fUr Kernforschunq Berlin GmbH

Glienickerstr. 100, D-1000 Berlin 39, West Germany

Target electron ionization was measured as a Fig. 1 shows the time of flight spectra for

function of impact parameter in collisions of impact parameters between 0.35 and 0.95 a.u.

100 keV H++Ar and 400 keY Ar++Ar. The for the system 400 keY Ar++Ar. Moliere

electronR were detected in coincidence with Potentials were used to convert scattering

th. scattered Projectile. The time-of-Flioht anqle to impact parameter. All spectra were - _

method was used to determine the electron normalized to the same accumulated charge after --

spectra, the random coincidences were subtracted. The

prominent peak which increases with decreasing

Low intensity beams (typically less than 10 impact parameter is produced by Ar-L-Auger

nA), provided by an AN 400 electrostatic Van- electrons. The small peak to the right of this

de-Graaff accelerator, were used to reduce peak, visible at all impact parameters is due -'r -

random coincidences. Care was taken to to ion-photon coincidences. This peak allows an
maintain single collision conditions in the accurate time zero determination. The flat

Ar jet target utilized. The unscattered ion structure at 50 - 80 ns can be associated with

beam was less than 0.5 rm in diameter and was the decay of autoionizing states involving

dumped in a Faraday cup. The scattered outer shell electrons.

projectiles were detected in a 7-ring

position sensitive channelplate detector. The 400keV Ar 4-. Ar -
channelplate was made up of two plates

sandwitched touether to provide sufficient

amplification of the weak sional detected.

The fast timing signal produced from each

rinq (better than 3 ns) was further taged by

a digital hit identifying the ring. The
particle detector was placed at a distance of "

35.6 cm from the taroet enabling the 10 b-0.35Oku

measurement of the probability of electron _/b z0.39o u-A --0.4Sau
ionization at impact parameters between 0.13 b-=b0.52a.u.

and 0.5 a.u. for proton and 0.35 and 0.95 a.u. b=060au"
for Ar projectiles respectively. The timing

siqnal was connected to the stop side of a-b=0.950.u.

time-to-amplitude converter (TAC). The count e'

rate in each ring never exceeded 200 kIlz. Time of Fighf ns-

A large solid angle (28 mar) analyzer equiped Pig. I Time of flight spectra of electrons

with a channel plate was used to detect the from Ar++ Ar collisions for specific

electrons. A fast timino pulse was produced impact parameters.

and it was used to start a coincidence unit
and the TAC. Thus the time of flight of the Total cross sections determined by integrating

measured electrons was determined, over impact parameter were in good agreement

with known cross sections. The impact

Count rates were kept low enouqh to avoid parameter dependence of the Ar-L-Auger peak

second order effects due to random sicinals is well explained within the Kessel model
2 

for

which could change the shape Of the true the promotion of the 4fr 1111.
coincidence spectrum. The true coincidences

were deduced by normalizing nd subtracting a

purely random spectrum. This was obtained by IT. Schneider, diplom thesis (FU Berlin, 1983) r ' A

supplying one channel of the coincidence unit unpublished.

with random stop pulses. A microprocessor

supporting a two-dimensional memory array was 
1
R.K. Cacak, Q.C. Kessel and M.E. Rudd,

used to collect the data. Phya. Rev. A2, 1327 1970).

~~~~~~....................... .........-.............................-...-................-...-v .- '-. ..-' .... .... "............-..-......-.--...........----.---
~~..'.. .. .. "........... . ... ............. . . . . .-. ' ,,, -.- . , ,...-,,.- -,.. % .. - .- - .'". '... ', . . -
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ELECTRON EJECTION IN ION-ATOM COLLISIONS: VTHE-BORN THEORY FOR e

STRUCTURED INCIDENT IONS

Steven T. Manson
+ 

and John H. Miller
#

+Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303 USA

#Radiological Sciences Department, Pacific Northwest Laboratory, Richland, Washington 99352 USA

Cross sections for excitation or ionization of an projectile internal properties. For target ionization ,.o

atom or molecule by a fast, structureless charged with simultaneous projectile excitation, the Bethe-Born

pariicle, e.g., H
+ 

or e-, can generally be quite well cross section has no glancing term and the form of the -. J
predicted by first Born approximation.

1 
For an second term differs from the "no excitation" case.

inelastic collision in which a bare incident particle Electron ejection from the projectile can be

of mass M, velocity v, and charge z loses energy PE, treated in exactly the same way in the projectile

the Born cross section can be approximated very well by frame. The projectile, however, "sees" a neutral

the Bethe-Born asymptotic cross section
I 
which is an particle so that, while Eq. (2) applies for electron

expansion in AE/T with T~mv
2
/2, m being the electron ejection by the projectile with the target remaining in

mass. This cross section, for a process in which the the ground state, the first term vanishes. Ejection

target is excited from state o (usually the ground with simultaneous target excitation is just like the

state) to state n (which may be an excited or ionized target ionization case with the role of projectile and

state), is given by
1  

target reversed.

2 The detailed forms of each of these terms will be

n= 
z
2 on (4T + bn + O((1) presented, along with the next term in the Bethe-Born

0- z In(- + C-)
on T/R AEIR R o T) expansion. Finally, a comparison of He+ + Ar

where ao is the Bohr radius, R is the Rydberg energy experimental results and a semi-empirical model based

(13.6eV), fon is the optical oscillator strength of the on the Bethe-Born asymptotic cross section will be

target at hu=AE, and bon is a target property which is presented.

a function of AE alone. Roughly speaking, the first

term in Eq. (1) is due to glancing collisions while the aWork supported by the U. S. Department of Energy

second results from knock-on collisions. Much use has Contract No. DE-ACo6-76RL0-1830 and the U. S. Army

been made of Eq. (1) recently in the modelling of Research Office Contract No. DAAG-29-83-K-054. '.' ,-.

electron ejection cross sections.
2
'
3

Lately, interest has risen in collisions where the References

incident ion of nuclear charge Z also contains N 1. M. Inokuti, Rev. Mod. Phys. 43, 297 (1971).

electrons. In this case the electron spectrum is more 2. J. H. Miller, L.. H. Toburen, and S. T. Manson,

complicated owing to the extra possible channels: Phys. Rev. A 27, 1337 (1983).

electrons can be ejected from the target with the 3. W. E. Wilson, J. H. Miller, L. H. Toburen, and S.

projectile remaining in the ground state or with T. Manson, J. Chem. Phys. 80, 5631 (1984).

simultaneous projectile excitation, as well as, 4. G. H. Gillespie and M. Inokuti, Phys. Rev. A 22,

electron ejection from the projectile with the target 2430 (1980) and references therein.

either remaining in the ground state or excited. A

Bethe-Born differential cross section was derived for

each of these channels; total cross sections were

treated previously.
4 

For target excitation with the

projectile remaining in the ground state,

2 . ' -

-N -
* on -T/R (< _4) ° mo + bo + O(E)] C :"":''':;) ':

co -/ Lz R/R IrR on T

Note the (z-N) of the leading term as compared to z
2

for bare incident particles. This shows that the

projectile is fully screened by its electrons in 4

glancing collisions, as we expect. The second term is

far more complicated and depends upon both target and

........................................................................-.......... ....
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CALCULATIONS OF ELECTRON ENERGY DISTRITUTION EJECTED IN ION-ATOM COLLISIONS BY PSEUDOSTATE METHOD

Takeshi Mukoyama,* Chii-Dong Lin,
+ 

and Wolfgang Fritsch"

+ Institute for Chemical Research, Kyoto University, Kyoto 606 Japan
# Department of Physics, Kansas State University, Manhattan, Kansas 66506 USA

Hahn-Meitner-Institut fUr Kernforschung Berlin, D-1000 Berlin 39 West Germany

In ion-atom collisions the pseudostate method has in atomic Hamiltonian. The experimental values and the

achieved great success for calculations of K-shell Born Hartree-Fock calculations of Rudd and Madison are

1-3ionization cross sections. However, applications also plotted in the figure. For low-energy electrons

of this method are limited to the calculations for total the present results agree with their experimental and

ionization cross sections. In the present work, we have theoretical values, but at high energies the pseudostate

calculated the energy distributions of ejected electrons method overpredicts the experimental and the Born

in ion-atom collisions by the use of pseudostates. Hartree-Fock energy distributions.

Using the Slater-type orbital (STO) as a basis In conclusion, we have shown that the pseudostate

function, we expand the atomic wave functions in terms method can well represent the electron spectrum in

of STO's and diagonalize the atomic Hamiltonian with low-energy region, but overpredicts at high energies.

this base set. The electron transition probabilities to For practical applications, the pseudostate approach is

continuum states are given by those to discrete states quite adequate since the ionization cross sections are

with positive energy eigenvalues; i.e. the pseudostates. dominated in low-energy electron region.

The calculations of the transition probabilities are made

within the framework of the semiclassical approximation References

(SCA), assuming the straight-line trajectory. 1. A. L. Ford, E. Fitchard, and J. F. Reading, Phys. Rev.

Following the method widely used in photoionization, A 16, 133 (1977).

the energy spectrum of ejected electrons at energy E, 2. R. Shakeshaft, Phys. Rev. A 18, 1930 (1973).

o(E), is obtained from 3. W. Fritsch and C. D. Lin, Phys. Rev. A 27, 3361

E. + E+l fE )+ A,+)(1983).

2 " 2(_E+ - .) 4. R. F. Stewart, C. Laughlin, and G. A. Victor, Chem.

where f(E.) is the transition probability of the electron Phys. Lett. 29, 353 (1974).

to the pseudostate with energy E . 5. F. Herman and S. Skillman, Atomic Strucwtue Calcula-

We have tested the present method for protons on tiona (Prentice-Hall, Englewood Cliffs, N.J., 1963).

hydrogen. The impact-parameter-dependent energy spectra 6. M. E. Rudd and D. H. Madison, Phys. Rev. A 14, 128

for 25-, 100-, and 400-keV protons were calculated and (1976).

*transitions with Z - 0, 1, and 2 were considered. As _ I

has been pointed out already,
3 

the precise form of the

STO is not important and the results obtained with the

different choice of the base sets lie on a smooth line. 30 keV

Comparison of the present results with the SCA

values with exact continuum wave functions shows that

in low-energy region of the ejected electron spectra M L -
b

both values are in good agreement with each other, but

at energies higher than about 40 eV the pseudostate

method gives larger values than the SCA. This discre-

pancy at high energies comes from the fact that the .

continuum wave function in this energy region oscillates ig
0 50 100 150

too rapidly to be represented as superposition of a few E N

STO's.

In Fig. 1, we show the energy distribution of Fig. 1. Energy distribution of electrons ejected

electrons integrated over all impact parameters for from helium atom by 30-keV protons. The solid curve .

30-keV protons on He. The calculations were made in represents the present results and the dashed curve

- the manner similar to the previous case for hydrogen, indicates the Born Hartree-Fock calculations (Ref. 6).

except that we used the Hartree-Fock-Slater potential The circles are the experimental data taken from Ref. 6. . ...• ... o-

-....,...- .,..".............................................................-.....-....-....,.....-,.......,.,,'." .- -.- .- . ....-- -.- ,-.-......-...-.. . .".'. . . '. .. . '.-. ... . . I . "
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MOLECULAR-STATE CLOSE-COUPLING THEORY INCLUDING CONTINUUM STATES:

Ill. DETAILED CONTINUUM SCATTERING AMPLITUDES 6.

W. R. Thorson and G. Bandarage

Department of Chemistry, University of Alberta, Edmonton, Alberta CANADA T6G-2G2
,--. -,: .-

Recently we have developed a theory of close- term arises from the time-derivatives of the decaying

coupling in low/intermediate energy ion/atom collisions, continuum packet state amplitudes, i.e. the loss-rate due

based on molecular-state expansions and including elec- tD escape. This term serves as an inhomogeneous source .'

tronic continuum channels. The continuum is represented term for a separate propagator describing the time evo- -

by a discrete set of packet states which span it locally lution of unbou"c! electrons escaping from the system, - ,

(in the interaction region), and are constructed from that is, propagation outside the subspace described by

exact adiabatic continuum states. An essential feature the close-coupling propagator. This new propagator is

of any such formulation is that effects of escape of the not adiabatic in character, but "sudden": It generates

unbound electrons from the subspace spanned by the basis scattering amplitudes at a detector, at a time t--*0

must be included in the equations for the close-coupled arising from sources at times t' during the collision,

propagator. Using an approach similar to that used by in terms of expansions in adiabatic continuum eigen- Vt

Reading and Ford in a slightly different context, we states for the system configuration at the source time,

have derived close-coupled integral equations for a prop- t'. The complete continuum scattering amplitude (for

agator exhibiting these effects. This propagator is non- given electron orbital angular momentum (L.M) and fiergy

unitary, i.e. does not conserve probability: this is phy- c, but integrated over angles) is then given by a coher-

sically correct, since unbound electrons are continually ent superposition of contributions arising at all times

escaping from the interaction region over times short t' throughout the collision6 -4
compared to the duration of the collision. Previous In the present work we have used collisional ioniz-

formulations which claim to include the continuum (either ation in the two-center one-electron systems (e.g.. H+
-

by simple projection on packet states or by approximate H(Is) impact ionization) as a prototype model for the

numerical quadratures over continuum energies) give no theory. However, with certain restrictions the thecry . -

account of these escape effects.
4
,
5  

i.ay ue extended to treat collisional detachment of wJI -.1
In formulation of these integral equations it is negative ions: the essential requirement is that the de-

also necessary to construct an accurate subspace repre- taching state (or any other quasi-discrete levels em-

sentation of the nonadibdtic cnuplinqs which cauce tran- bedded in the continuum) should be related diabatically . _-

sitions in a molecular state description. We have exhib- to the continuum, and that couplings linking it to the " ".

ited these matrix elements for couplings between continu- continuum be potential couplings of finite range.

um states. They are singular when the energies of the

states coupled are degenerate. These singularities occur References

because an adiabatic description cannot possibly be ap- I. W. R. Thorson (ms. submitted for publication, Phys.

propriate for the full continuum: a distant unbound elec- Rev. A).

tron cannot really "follow" the nuclear motion adiabatic- 2. W. R. Thorson and G. Bandarage (ms. submitted for
publication, Phys. Rev. A).

ally. However, we have proved that the effect of theseJ
3. J. F. Reading and A.L. Ford, J. Phys. B: Atom. Mol.

singularities within the packet state basis is finite, Phys. 12, 1367 (1979): J. F. Reading, A. L. Ford,

and therefore an adiabatic close-coupling formalism is G. L. S wafford and A. Fitchard, Phys. Rev. A20, 130(1979). -- " '
valid for describing continuum states in the interaction 40 . c a R Pc i hs e A

4. D. A. Micha and R.D. Piacentini, Phys. Rev. A25, •. . .
region---always provided that the effects of escape from 204 (1982).

this region are correctly included. 5. G. Soff, J. Reinhardt, B. Muller and W. Greiner. " is

In the work reported here, we have formulated the Zeits, f. Phys. A294, 137 (1980); G. Soff, W. Greiner.
W. Betz jd B. Muller, Phys. Rev. A20, 169 (1979);

theory of asymptotic continuum scattering amplitudes re- J. Reir irdt, B. Muller and W. Greiner, Phys. Rev.

suiting from escape of unbound electrons from the close- A24, 103 (1980).

coupled system described above. A state vector generated 6. A similar propagator is described in W. R. Thorson '.°'

and H. Levy II, Phys. Rev. 181, 232 (1969).by the close-coupling propagator describes only the ampli-

tudes of states localized in the interaction region. As

is physically correct, such a state vector does not satis-

fy the time-dependent Schrodinger equation: the residual

. . . .... . . . . ..

.......... .........
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*AI T(-fON IATIUN RE_-0NANCE PRO)FILES IN ELECTRON EMISSION SPECTRA OF HELIUM PRODUCED
BY FAST IONS

A. L. (40IoduOV, V.S. 5 l'eial.enko

to-tittith' 01 Nuckor Phvsic-, Nlo'-.row klt' nive-rsity, Moscow 1 19899, USSR.

'34.

i t Tt ' l - ' _' ,r e "t l ~ k l t i ll ' , I i t'C r o - o nI'I n c -~ l a t t r o c t r .9

CaI.'ti-l IL.-rx-'cI (I'Ltecil p-It colitLiii rich '0

iiift lit 1 ioiill iln~thi cot Oijion -Lvtilel\\ ,rivd- ~ 'L ~
-tuc w If oldnl o i h to

llCfp,,rtic b ', t~ikeie into jlccount fin,ai--tlitr inti-

* ~r-'lc tijI il- h,, tt- ,roytod to LI -LICCI" -f~ll ill eX- 6
phat11I1 rrlo-l of th'o )I'i1)1'la dota (t1)1 ioni zati on '

CAI I 'Ii HIll Lv ,rotoe,-. 0i ......

LcyCT till prillcifnt %%rk coutitlu'- th0 tl tiloiour .'l

aid1 lil'-ikC ionl of variou- ioni/.tion CtC~rle. The .

* l'ft,'ct of ff11' trojl-ctil' charo ,nd of till' bound

* '~~I--ctron,,, 011 lb.' tirlI'i I'1-[, troll *-p- trum has' bel-n _______________

I'xamiri,d. Al smll e'jection ant21C' rild a 1lo) rela- ' 6 .V '
heavy charved particles.

* ti\'e velocity of a scattorvd heavy partic le with res-

plI-t to anl ejected elo-ctruit till bel-viotir of the re- Rerncs

* sonance parameters is determined mainly, by the

* final-state interactionS in both protorl-atom and ion- 1. A.L. Godunov, V.S. Senoshenko, Proc. of the

-atom collisions. At lorge ejection angles the reso- All-Union Conf. on the Theory of Atoms and

nane'e profiles are nearly symmetric and can be pro- Atomic Spectra, Minsk, 1983, p.60.

perly described by alloing for two-step transitions 2. A.]-. Godunov, V.N. Mileev, V.S, Senashenko,

in the amplitude of autoioniza.tion state e xcitation.6 Zh. T. Fiz.,53, 1898 (1983).

*As the projectile chargerr incr(-ases thl' resonancl' 3. A.L. Godunov, V.S. Senashenko, Proc. IX All-.

intensity risi- %1111 rl.1plcl to tile baickground for- -Union Conf. oil the Physics of Electronic and

Mled Ly dirlct trni,tiorls to continuunm. Under the Atomic Colli.sions , Abstr. of Paper, Rigal1984,

* iooiz,.tion of h,'llirml by till' H- ,rod He-tike ions,thr' p. 90.

,c-nelrirLU of till' Iroj-clill'no (-uar charE,4( has sia- 41. D. Schneider, P. Arcuni, R. Bruch,, W. Stdffer,

rlificitlt 111111litlltw' 1o till' llkatoiIoniz'tion line profiles. Proc. XIII ICPEAC, Abstr. of Paper, Berlin,

* At -r111f o'jI'ctaor i.npit'-, for t-xaitmplI till' intensity 1983, p.
3 8

3.

or r-on-Onc-~ incr--- %ilth fill' proilclill' ioniz.a-

tion1 d,,ulr,-l, whtlrl'O- ll iti inertI-ilO thl' ejection

r(Illil(d tI) ions of 10511 l,'tlo (L'ro-I ho%%l t

Fivurf' I iflu,'trat- Ill'- r-l'l'II of ( alculiioO

thi' (111- troil t-nlisi-i sflIclr~l of helian, flroeuc-dI by

22001 keV lithium ion- of vro-ioeliz-blor degre,'.

Exf-lrim.'ntal daita 1,f 'Ir,- kl-o pfoelntl in fhe?

filfur' .Thf- C.tiCll-l tionis tllrl o be in aqr(eement W

with the! observed behaviour ot the electronic specd- .

rum in the region of the lowest 1 )utotoni zation state 4~-

of h(161rr am xcite-d by tile ioniz'atlin collisions with- ...

.... .... .... ... .... ... .N
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He* EXCITATION BY Li
+ 

IMPACT: A COINCIDENCE INVESTIGATION

P. van der Straten, P.M. Koenraad and R. Morgenstern

Fysisch Laboratorium, Rijksuniversiteit Utrecht, Princetonplejn 5,

3584 CC Utrecht, The Netherlands.

We have inveatigated the excitation of He* s

autoionizing states in Li+ + He collisions at collision
energies between 14ad3kVby analyzing teejected ".,--'"

electrons in coincidence with the scattered Li+

projectiles. For one thing this allows to clarify the

reason for the large width
1 

of the earlier measured "" "

non-coincident electron spectra, which in the past were .

* ascribed to quasimolecular effects
2
,
3
. Secondly this

allows a detailed description of the excited He** atom

directly after the excitation in terms of complex . . . 9'zJ ,i

population amplitudes for the various excited states. Y

This yields information about the excitation mechanisms O
0 Ol~t .5 T 0.75T T

and the time-development of the excited electron cloud. t

In fig. I one can see that the coincident electron FIGURE 2 Charge density of the excited electron cloud

energy spectra are much narrower than the non- in three different planes at different times after the

coincident ones. They can quantitatively be explained collisions (z in the beam direction, y perpendicular to

without invoking quasimolecular effects as e.g. energy the scattering plane). The period T of the oscillations

variations of the excited states as a function of is 800 a.u.

internuclear distance or Doppler shifts of the emitted As opposed to He+ + He collisions, where mainly

electron's energy corresponding to velocities of the He**(2p
2
)'D is excited, Li+ impact causes a

quasimolecular system. Only the He** recoil velocity considerable excitation also of He**(2s2p)lP and

and post collision interaction (PCI) in the field of (2s
2

)
1
S. The coherence between states of different

the receding Li+ ion have to be taken into account parity causes asymmetries in the angular electron

properly, distributions. Analysis of the observed asymmetries

(a) 00120" allows in turn to determine the phases between

autoionization amplitudes. After taking into account

the relative phases of autolonization matrix elements -

essentially the Coulomb phases of the emitted electron

wave functions - this yields in turn the phases between
C- -.--- .- =-

- - a _-- the initial population amplitudes for the contributing

, -states. With this knowledge one can reconstruct the
* ~ (b) 140:0r

charge density of the excited electron cloud

immediately after the collision and its time

_ Z dependence. An example is shown in fig. 2. One can see

Z that the electron cloud is initially "attracted" by the

1' 11 11111 P1 Li+ projectile. The connect ion hetween this macroscopic

(c) P,180* collective picture with the most important radial and

rotational couplings will be discussed in terms of the

. , Li+-He correlat ion diagram.
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AN EXPERIMENTAL INVESTIGATION OF THE METASTABLE STATES OF BERYLLIUM ANIONS . -

T. J. Kvale,* G. D. Alton,* R. N. Compton,* D. J. Pegg,*t and J. S. Thompsont

*Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, U.S.A.

tThe University of Tennessee, Knoxville, Tennessee 37916, U.S.A.-- .

We report the first experimental measurements of the This research was supported in part by grants from the

energy levels of the metastably bound states of Be-. State Office of Naval Research (ONR 393-071) and by the U.S. .

and eigenenergy identifications were made by measuring the Department of Energy through The University of Tennessee

difference in energy between the collisionally induced and (DE-AS05-83ER13097) and Postgraduate Research Training

autodetaching peaks which appear in the ejected spectra from administered by the Oak Ridge Associated Universities. Oak

decaying Be ion beams. More detailed results of this Ridge National Laboratory is operated by Martin Marietta

investigation are to be published. Energy Systems, Inc. with the U.S. Department of Energy

The Negative Ion Source Test Facility (NISTF), located under contract DE-AC05-840R21400.

at Oak Ridge National Laboratory, was modified in order to

perform the Be state energy measurements. Be+ ions were References

accelerated to 50- to 60-keV and were focused through a

recirculating Li charge-exchange cell situated immediately _. G. D. Alton, R. N. Compton, and D. J. Pegg, Phys.

prior to the experimental chamber. This arrangement permits Rev.A 28 1905 (1983).

the generation and study of relatively short lived (r > 10
- 7

) 2. D. R. Beck and C. A. Nicolaides, Int. J. Quan. Chem. I..'.

negative ion states. Detached electrons accompanying the SIS 467 (1984).

Be- ion beam were energy analyzed with a spherical sector

energy analyzer operated in the fixed pass energy mode. (For 3. C. F. Bunge, Phys. Rev. A 14 1965 (1976).
details of the electron spectroscopy, see Ref. I.)

A typical electron energy spectrum is shown in Fig. I. Be- 60 keV'

This spectrum was obtained with -2 mTorr in a gas cell ---oEnry'-tu

preceding the electron energy analyzer in order to enhance the Electron Energy Spectrum
collisional detachment cusp electron signal. The peak 0

corresponding to the autodetached electrons from Be-

occurred at a center-of-mass energy of 2.53 eV. The latest Autodetachment Peak0

theoretical calculations predict the Be- (Is 22s2p 2) 4p state 0 Be-(ls22s2p2) 'P

energy to be 2.56 eV above the ground state of Be. This

value was derived from separate calculations of the total o
energies of the Be- (p) state2 and the Be (Is 22s2 ) 'S state.3

Due to the close proximity in energy, it is reasonable to

conclude that we have determined the energy of Be- o

(Is 2 2s2p2 ) 'p . Lifetime measurements for the various J O -

levels of this ion are in progress and will further serve to
identify the state of this anion. If the theoretically predicted 2 .
Be (~s 22p3) 4S° state does exist the allowed radiative decay -

channel to the Be-(p state would most likely prohibit us . .-"-'..,' .V
from observing an autodetachment peak in the electron energy 0 Collision "-

chanelCtothlisionalstae wuld ost ikey'prhibt'usCus

spectrum. detachment

Be- (IsZ2p') 4S-

S-..

Fig. I. A typical energy spectrum of electrons ejected _

from a 60 key Be- beam. 0.0 t0.0 26.0 3 .0
r Electron Energy Elab(eV) .-'

.. ir.. . .. . . . . ..V
".%° o °° o

'"'" " "" -" " " "' " "Z:::::::: : : :::::iii!i!?
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CALCULATIOh OF Pr~iABILITY OF iUUIC7 _-L. I.. ... Iz. Li

J. F. H,.ohanty*, C. i. Sing;h -and J. Aa.

Department of Physics, Banaras Hindu University, 'iaranasi-221C05, Inrda

*Departmrent of Yhysics, F.!i. College, Balasore, CUrissa-756001, iicia

The effect of usinj distorted wave func- From the comparison of cur resu-lts amn

tio n for the contiruun electron while calcula- themselves and with other a~ccurate ".oret_,eal%

*tin,; tlie probability of autoionization of results we infer thev !cllo-inf tw.o points:

26 1, 2611p 1 ,3F, 21: 1D and 2S2 1S states of (iJ -D o si.rrl:.- pr':rb -tion a:-,ro~c du~e to

_' nc Li + has been studied. Separate calcula- 'c.entzel is worth- usir.- to obtain the

tions have been performed usinr, distorted wave- ey;roait oth atirii
lction (with and ,i>: -hn;.ancj pure -.rpce] oC lt. anc Ic. .herc otiher

cloiobic w..ave unction fcr the conrti nuum acCUrite rec:7. .rc no vr. C

elctron. (ii) In c_ e of atomas dictorted %.-v~f ncti n

cj .an L1 n *t t V) represent
-hn2 CalCUl~tion is bnsed or t".e method t. ~t~rcr lcrn

51si'--ested by Wu1 usin," tne formula' 7iien cDy
* .:ent:'e-fo tit:ne in:-,eln ierturbation hfrne

- ~t',eory. The radial eauation of the distorted . :. ;,v.:ac,214' L.

vwuvefunction of the, continuum electron is v . :.s. _L, 124 (1c2.
solved by a non-iterative procedure of ,.arriot -..arriot, i ra :1"5. _c, ~ 121.W

3nn 1ercival3  th normalization being obtained 'r' - c.cbya..a.*snwt h 7; ~lto

I_

A A
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CROSS SECTIONS FOR ELECTRON AUTOIONIZATION IN LOW ENERGY Li + -Ne COLLISION

Y.Ikezaki, M.Katano. H.Ono, T.Tskayanagi, K.Wakiya and H.Suzuki

Department of Physics, Sophia University, Kioicho 7-1, Chiyoda-ku, Tokyo 102 JAPAN

In the low energy Ion-Atom collision, the excita-
5) 5 ('03a'D

tion mechanism described by quaaimoleculsr effect is a b (3P)[3as.('S)J 'p -

d 'P)I3-3(')J'0. F.p4 )-

*. in Ne are selectively excited by low energy Li~ion is- e *f3~ ('p I 'F' *'D'5 pact. In present work, the energy and angular distribu- I

tion of the ejected electrons are measured and cross-

section for the autoionization is determined by simul- t e

taneous-collision technique 1
zd

Ejected-electron spectra are measured in the impact L

energy range below 8 Key and at observation angle from 10z

3deg. to 135 deg. with respect to the incident ion beam. 22 23 24 25 26 2) 28 29 39 3

Fig.(l) shows electron spectra at the observation angle Fig.(I) ENERGY (e V)
* 30 deg. for the impact energy 4 Key. Assignments of auto- g~

ionizing states in Ne are those of Andersen and Olsen
2 
.

0
Cross sections for excitation of peak a, d, a, and f are -

L)0
determined by the following method. Electron spectrum is

V')Iobtained by the simultaneous-collision technique, with 20 L
* eV electrons. The spectrum gives a superposition of an 7

elastic-scattering peak caused by e-Ne collisions and

autoionization peaks caused by Li+-Ne collisions. We
denote the Lit-Ne and electron-Ne cases by subscripts i '

and a, and we obtain a expression for cross section 0)

Se J<e (Re) - 0 2 4 68
-- c; f(e)Impact Energy(k eV)

Where .,. is the elastic differential cross section for e- Fig.(2) V N

Ne scattering
3
), S the area of the peak, I the current,

and f( ) represents the angular dependence of collision E (Key)

volume and we determined it from Kr MNN Auger spectrum . I f I y II:. %

Tentative results are shown in Fig.(2) and Fig.(3).

Fig.(2) shows cross sections for excitation of lines a,e,

and f. In Fig.(3) present results are compared with the

data of P.Bisgaard et al5 r

00

F ig(l) A typical ejected-electron spectrum at the obser-
vation angle 30 deg. for the impact energy 4 Key.u

* Fig(2) Excitation cross section vs impact energies of Li a

Fig(3) Sum of integrated cross sections for 2s 2p nln'l'
states as a function of internuclear velocity. 0 - "
P.Bisgaard at al., -present.

References
1) A.Yagishita, K.Wakiya, T.Takayanagi, H.Suzuki, c0 P.Bisgaard

S.Ohtani and F.Koike, Phys.Rev. A22, 118(1980) * \ Present
2) N.Andersen and J.Ostgaard Olsen-.

J.Phys. B10, L719(1977)
3) J.F.Willisms and A.Crowe,J.Phys. B8, 2233 (1975)
4)L.0.Werme, T.Bergmark and K.Siegbahn, 100 l 02 0) O OS a
Physics Scripts 6, 141 (1972)0 . 02 03 A as 6

5) P.Bisgasrd, J.9sigaard Olsen and N.Andersen, V (au)

J.Phys. 813, 1403 (1980) Fig. (3)
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SPECIAL FEATURES OCCURRING IN DOUBLE DIFFERENTIAL CROSS SECTIONS
FOR TRANSFER IONIZATION COLLISIONS -

A. Niehaus and A.C. Kuiper

Fysisch Laboratorium, Rijksuniversiteit Utrecht, Princetonplein 5,
3584 CC Utrecht, The Netherlands.

We consider the transfer ionization (TI) system

He
- 
+ Xe H He+(Is) + Xe++(5s

2
5p
4
) + e-(E), (1)

which has been studied earlier In fig. I the relation

between the energy of ejected electrons and the inelas- ,. ,:x_

tic energy gain Q is shown in a potential curve model. .out)

It is seen that, in a (TI)-collision, a certain value
of Q can be realized by transitions leading to differ- FIGURE I W V He.e'.e

-

ent final Xe+--states, and to the corresponding dif- z b

ferent electron energies. The double differential cross

section Z(8,Q) therefore is an incoherent sum of (a)

partial cross sections o(0,Q). For cases such as the

He ++/Xe-system, where the potential curves belonging to

the different ion-states run approximately parallel, DISTANCE

the dependence on Q will be approximately the same for

all partial cross sections, so that the "shape" of

(O,Q) will closely resemble the "shape" of the o(O,Q).

In fig. 2 we show a series of normalized E(e,Q) for a

collision energy of E0 = 50 eV. The spectra are O'

measured by a parallel-plate electrostatic analyser 2

with position sensitive detection allowing simultaneous 6
measurement at different energies. As evident from fig. 7

1, each partial cross section contains contributions

from four types of transitions: at the two crossings I 1 FIGURE 2

and 2, and at each of the crossings "on the way in" or Lu 21

"on the way out". To these four types of transitions 2

there correspond four branches of the classical deflec-

tion function (Q,b). In fig. 3 we show (Q - 8 eV,b)

for E0 = 50 eV, calculated numerically from adapted ...

potentials Vi and Vf. The dominant feature of the 5e

spectra at low angles is the stationary peak at the i0o

high-Q edge. It is caused by coalescence of the cross- .
5 0 5 -0 15 20

ings 1 and 2, and can be described by an Airy-func- ENERGY GAIN 0 [eV]

tion
1
. The dominant feature at larger angles is a broad The shaded peaks belong to charge transfer. -

peak at the low Q-edge which shifts with observation

angle. It is caused by transitions close to the turning

point, where the "in"- and "out"-amplitudes become

identical. Also this feature can be approximately des-

cribed by an Airy-function in both energy scale
2  

and
angle variable. The corresponding rainbow angletr is zIo.

indicated in fig. 3. Further details of the observed z

spectra will be discussed, and approximate relations to FIGURE 3 2 5
out) (out)

the model quantities will be given.,, --

References 2@. "n)

]A. Niehaus, Comments Atom. Mol. Phys. 9, 153 (1980).
2
A.Z. Devdariany, U.N. Ostroskii, and A. Niehaus, J. O 2 6 8 10

Phys. F 18 (1985) in press. IMPACT PARAMETER [a.u.
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F FURTHfEB DEVELOPt&INT OF THE DYNAMICAL COMPLEX POTENTIAL THEORY OF ELECTRON DE'TACHMENT

M. L. Du, S. E. Haywood and J. B. Delos - *%"- N

Physics Department, College of William and Mary, Williamsburg, Virginia 23185 £ Vs

in earlier work' we have developed a theory of 00 40c 20,-•-

electron detachment in collisions of negative ions with 
*V -

fr- I •A +B-I A+B+e

Th:is theory is now being extended in the following ways. Ar At X-' ]

(i) The energy spectrm of detache electrons is being,.

salc,,ated. (2; Calculations o' total cross sections --

:for eletron iet•chmnent are being extended over a large

en an~e. yL; A theory of' associative detachment

is being developed. L"
The ti.eory is based upon a semiclassical close- j)G[- -I

aouplins model in a "diabatic" representation. Let Li
b r~t) represent a state in wiich the active electron

is bound to (WB and let {t,(r~t)} be a set of states -to_ - ."".in whic: it is free, with asymptotic kinetic energy c.

iof the full wave function in such a basis,9

Vr,t) = Lb(t) b(r;t)+ c (t)C (r;t~p(e:)d)

leads to a set of coupled differential equations for

the coefficients. Defining

C)=ih .[- nbt) (1FG .a)Comparison of static and dynamical complex pa.
dt tntils.Here we show te real part for i>0. Dotted-dashed

the ~ ~ ~ ~ ~ ~ ~ ~ ~ fn iunts th en ly h oeo adnmclcr-aergy gaphbetwreen the discrete state and the matins-the juantity j6 (t) plays the role of a dynamical corn- um, A(XIt
-
'. Dashed line is ReO(&lIm-=RePF(0, Pan of

plex potential. It obeys an integral equation which is the static or local complex potential. Solid line isto ontl by ite and antypcal eutn c is Re5(t)-A(0)lER(F,(r)), the corresponding part of the
easy to solve by iteration, and a typical result is dynamical complex Potential. (b) As in (a), but her is the ima-

shown in Fig. 1. ginUa pa
"

t"

Presently we have calculations of electron-energy-

spectra for model systems. For a case in which the * - -

energy gap between the bound and free states A(t) varies

quadratically with time, A(t) = Eo-Bt 2
, then a repre-

sentative electron-energy-spectrum is shown in Fig. 2. ,_-_._._._-___-_._.__

1. T :. Wang and J. B. Delos, Phys. Rev. A 29, 542, -u-;Ir -"-".--"

552 (1984); J. Chem. Phys. 79, 4306 (1983); R. D.

Taylor and J. B. Delos, Proc. Roy. Soc. (London)

A 37:, 179, 209 (1982).r

U-. -" %--r

L'I j "' - ] f
'  -;°t

"
F :x:::... •:w.x.- .. •-.. .. .. .. .
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COLLISIONAL ELECTRON DETACHIAEN: ',F ALLAL" c.,.

D. Scott, M. S. liuq, R. L. Champion, and L. L_ Dvcrsrike

Department of Physics, College of William and M:ry, Williamsburg,, Virginia [flb5 USA

Absolute total cross sections for electron detach- Within this curve-crossing formalism, a simple no-

ment have been measured for collisions of Na- and K- del is used to describe the observed ce(K)" In this 6

with rare gases at relative collision energies rangine rodt, it is -szcnes tat tie !•obubiility :'or detachment

:rom a rev et to about 200 eV. These alkali anions, is zero for ,t :ara.eters b> b'ni is unity for -

which are characterized by angularly-correlated a- b< Lx, where b is the am-ct p'arameter for which the %

electrons, are observed to be extremely stable with classical turnin poiit or the ruclear motion is F. X .

respect to collisional electron detachment. Ficure I The total cress -e'ton f'or electroi. dectu-icent is then-

*gives the total electron letachment cross sections, tcin c,"

oe(E), for collisions of K with Ar and Ne, as func- co(k) Rx- ±-Vx/ i ror x

tion of relative collision energy. The remarkable fea-
where V is tl.e ti rsholc, enr-y ror letachment as indj-

taure of these measurements is that K-, witro its small x
rated in 

° 
Z. A twu-lar--meter fit was made to (.) "

electron affinity (EA), is extremely stable against awitVtnj the best :'it k t: V 4, eV an .u , i -'
collisional detachment for relative collision eceriries S Y,

shown as a aol> liinc n io i• Tic scs a t1,.i

up to about eighty times the EA of potassium. At :5 m, " -i["t t-x"similemodel sugrests th't c-Ic uetac~sert robab iit" at * • .

l'or K -Ar is a factor of approximately 160 timesa e~ t he c r o s s in g cs l a r 'c£ a n .m ' ," u r a s p i acn it . " , C

smaller than that for H -Ar. Similar res its have been
.easurements of c ( for sa--ce, Ar, rXe _n_

observes for collisions of Na -lie and K -Kr, Xe systems. -- o, TV- carribit 20 51stnt o 0 eta icr detac .ie 1 xil o aitic _] t frdtcrn n
These small cross sections a re presumably due to an

remain small (<S/ ti,!-'c-uhoit cre -ic-y r
ability of the M -X (where N- i Na , K X = Ne, Ar, Kr, lies, insicatin- toe absence of a "vcr i

Xe) electronic wave function to adjust adiabatically

uring toe collision, causing the electronic energ7y o.
t-een tsp erret- - er-,- r;r-'e • e fr- all t ---

M -X to remain below that orf M-X down to relatively -oe ert-eac"r"

small internuclear separations.here ,, n h- "-small internuclear separations. e tile excitatior: w i,., r,,sult from :orrcsloniin,- %,e- ' -""'

The above features can be described by a curve *ral alkali-rre , cl V sian; -.

crossine model. Figure 2 shows a schematic discram of Total cos sc-icr. cc- ectron ;tt'crm.t-"r-

toe notential energies of various states of the reac- i,,e-c'y ion 1r . ctr. for. llicoro - r .tr. -.'.

tants and products which are relevant to the K -Ar col- !arious mcle; Altn tiro---.t---,--,,. '. icc lt: nrc/il

lision. f the incoming K -1r state remair approxi- t co c- rrcsentei.

mately parallel to and slightly below the XIZ
+ 

continuum

of K-+*Ar +e, then the detachment probability will re-

main small, until the 'rocuinr A is reached. "

46

0 N

00

K- _-' [ -r--

2 - I V \ 4 ', , [ ) ( 3 o)' 
• 
" -

o ..- ati-ii"'

0a '- K s) - lip)e _ . --- -4 , -... I r.lM.
i+ . e I "-L_, "-,-7

•

00
0 50 100 150 - .

Erel (eV) . . . . .

Fie. 1 t 'c-l cross secctionr f"or ,lc-r,ittac, me.. . ..< . "
Sfr2:. .:i:
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- THEORY OF ELECTRON DETACHMENT IN SLOW NEGATIVE IONS IMPACT ON ATOMS,

APPLICATION TO H + He H + He + e

Fumihiro Koike

School of Medicine, Kitasato University, Sagamihara, Kanagawa 228, Japan

A new method was proposed for solving the time- Figure 1 shows the result for the case that the

dependent semiclassical Schroedinger-equations including impact parameter is 1.75au and the center-of-mass collision

the couplings between a discrete state and continuum energy is 2 au. We find from this figure that the radius - -"

states. In the present paper, this formalism is applied from which U starts to have an imaginary part, which is
r-

to the following process: illustrated by vertical bars, is not the radius of the
H + He - H + He + e. (1) crossing between U. and U but that between the real part

3 1 n
The result of CI calculation by Olson and Liu has of U and U.

r n

been adopted for the internuclear electrostatic potential The detachment probability evaluated in the lowest

energies Ui(R) for H-+He and U (R) for H+He, where R is order, PO) is given by

the internuclear distance. For the coupling matrix (O) = 1 - expI2 imaginary part of Ur*dtl, (4) .. _Pd imgnr partof.U

element at R between the discrete H-+He state and the -ro

continuum H+He+e state with a free-electronic kinetic where t is the time, and the detachment probability
energy ., V(,R), the following has been..adopted: including the first order correction, P i), is given by

eergyR 1/4 , floi ha[ beeU -Uopte( dd

V(,R)(M + RMd)exp(_R )c exp(-- P), (2) d = exp[-i (+Un-Ur)dt']dt (5)

woore the first term including Mp represents the electrostatic Figure 2 shows the neutralization cross sections

(potential) coupling and the second represents the radial DCSO and DCSI, which are obtained by multiplying the

coupling, and vR is the internuclear radial velocity. elastic scattering cross sections to P(O) and P d

The quantities M, Nd, Rc, and c are the parameters, respectively. The sharp rise in DCSI at the forward

which have been determined empirically, angles is consistent with the experimental result

Due to the coupling with the continuum, the ionic by Hege et el.

state shifts in energy from the original position U. and DIFFERENTIAL CROSS SECTION

n 

F1 OIFN IAL C OS S SECTIOobtain a "resonance energy"U that may be a complex

, number. The pole of the ionic-space Green's function DC.1

gives Ur, i.e., it satisfies ..........

U -U f EVVU dE' O. (3)r U E' - U r

U r

Because U depends on both v and R, eq.(3) has been Ln
r R

* solved numerically at a number of time points for each

* impact parameter and collision energy.

B=1.7SO AU 2. R ( AU )
2. 4. S. 2. . 4. 5.

FA 

%

ONCP0.00 5.00 10.00 15.00 20.00 2.0 .0S
-- IONI P. r"ANGLE (Ci-EG)

.... :NEUTRAL- P.
- :R.-ENERGY Figure 2
- :R. -HIDTH References

1-0 Q- 1. F.Koike, XIII ICPEAC Book of Abstracts,

LJ 
405 (1983) -"

Z 2. F.Koike, XIIl ICPEAC Book of Abstracts,
LU

/" 571 (1983)

- TIME ( AU 3. R.E.Olson and B.Liu, Phys. Rev. A22,
I " { - , , 1389(1980)

i- -120.00 -00.QO -40.00 0.,00 40 . 80.00 120.039(9)
"-- . 0 - 4. U.Hege, Y.Itoh, and F.Linder,

C XIII ICPEAC Book of Abstracts 398(1983)

Figure I
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ELECTRON DETACHMENT OF H IN THE LABORATORY FORWARD DIRECTION N.

M. G. Menendez, C. R. Mauldin, M. M. Duncan and J. L. Hopkins 
%, ,

Department of Physics and Astronomy, University of Georgia, Athens, GA 30602
4;

Collisionally induced electron loss of H occurs This work was supported by AFOSR Grant No. 83-0264.

via the two general processes of single electron loss References

(SEL) and double electron loss (DEL). We shall refer to 1. J. Macek, M. G. Menendez and M. M. Duncan, Phys. Rev., ,

the double differential cross section (DDCS) measured A29, 516 (1984)

without process selection as the combined-DOCS and, 2. M. M. Duncan, M. G. Menendez and J. L. Hopkins, Phys.

accordingly, refer to the DDCS measured with process Rev. A30, 655 (1984) -.

selection as SEL-DDCS and DEL-DDCS. Previous measure- 3. L. A. Wright, T. C. Genoni and M. R. Franz, Bull. Am-

ments of the combined-DDCS for electron detachment of H Phys. Soc. 28, 797 (1983)

upon collisions with He and other targets at ion energies 4. The experimental configuration used for these mea-

from 0.15 MeV/amu to 0.7 MeV/amu and comparisons with surements is described in M. M. Duncan, J. L. Hopkins,

theoretical calculations have established the importance and M. G. Menendez, Nuclear Instruments and Methods in
1of target excitations. Recent measurements and prelim- Physics Research (May 1985)

inary calculations of the DDCS further suggest that 5. For further details on the DEL-DDCS see M. M. Duncan,

excitation of the projectile in the final state might be M. G. Menendez, J. L. Hopkins and C. R. Mauldin, con-

manifest in the combined-DDCS.
2
'
3  

These results can be tributed paper, this conference

summarized as follows: 6. A. Starace, private communication

(1) the combined-DDCS is composed of two components;

(a) a target-dependent, double peaked structure due

to the interference between R = 0 and z > 0 partial

waves of electrons ejected via the SEL process, and

(b) a sharp peak centered about the electron energy

equivalent to the velocity of the incident ion

(2) on the basis of process selective measurements
4

of SEL-DDCS and DEL-DDCS both components of the

combined-DDCS are attributable to the SEL process

which dominates over the DEL process
5

(3) the sharp peak displays forward-backward sym-

metry in the projectile rest frame

{4) the sharp peak has been tentatively assigned to

SEL events which leave the H atom in excited states.

Since the assignment of the sharp peak is only
tentative and because there is interest in including

final state H atom excitations in the theoretical cal-

culations
3
'
6 

we have measured the angular distribution

of this peak in detail. The sharp peak from 0.5 MeV H

collisions with He was extracted from the combined-DDCS ."

in the manner previously described.
2

The angular distribution of the sharp peak was

measured in the range 0 lab _ 2.6 in steps of 0.1:

from 0 lab = 
O 

to 0lab= 0.6' and in steps of about 0.2'

for 0.6 . These data were transformed to the
lab

projectile frame and account was taken of the finite

energy and angular resolutions. The data in the pro-

jectile frame show that electrons in the range 0 to 0.1. -

eV provide the main contribution to the sharp peak and

that these electrons are essentially isotropically

distributed.

S-,. - •. .":. ... . . .- .- . . .- .- - ..'.-'.-." - .- . . . . . ..
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PROCESS SELECTIVE EXPERIMENTS: THE DOUBLE ELECTRON LOSS OF H" IN COLLISIONS WITH HE -

M. M. Duncan, M. G. Menendez, J. L. Hopkins and C. R. Mauldin

Department of Physics and Astronomy, University of Georgia, Athens, GA 30602

We have measured at 6lab = 0 electrons which were

time correlated with protons produced by double electron

loss of H in collisions with He at an ion energy of

0.5 MeV. The experimental configuration which provides

access to the final charge states H-, H and H
+ 

as well
1as to the electrons is described elsewhere. In order

to increase the electron count rate our best energy

and angular resolutions were not used; for these

measurements AE/E = 0.016 FWHM and Ae ±0.9
°
. The

signal-to-noise ratio (that is, the ratio of correlated

events to uncorrelated events) as measured from the

output of the time-to-amplitude converter was about 2.

The electron energy spectrum obtained by requiring a

specific time correlation contains true as well as

accidental events. Thus the appropriate uncorrelated

(accidental) spectrum, obtained simultaneously with the

above spectrum, was subtracted from the above spectrum

in order to obtain the "true" correlated spectrum.

The (e-H+) - correlated electron energy spectrum

at elab 
= 
0 shows: (1) a peak at an energy of 272 eV,

the energy of an electron moving with the same velocity
as the incident ion; (2) no evidence of the double-

peaked structure seen in the uncorrelated electron

spectra form H- collisions with He and other targets
2  

.0

and in the (e-H) - correlated electron energy spectra;
3

(3) a forward (00 in the projectile frame) - backward

(180 in the projectile frame) asymmetry which persists -. , .

after the finite resolutions of the detection system

were taken into account. The interpretation of this

asymmetry is that the electron ejection in the projec-

tile frame has an angular distribution involving an odd

power of cose, perhaps coso itself.

This work was supported by AFOSR Grant No. 83-0264.
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UNITED ATOM ROTATIONAL COUPLING IN H
+ 
+ HE COLLISIONS

Chiiling Wang and Joseph Macek w. "

Behlen Laboratory of Physics, The University of Nebraska,
Lincoln, NE 68588-0111 USA

For highly asymmetric collisions it is necessary "___--___- --__

to supplement the 2po -2pir rotational coupling

equations to incorporate transitions to the 2so state

near the united atom limit. The avoided crossing of

the 2so-2pa is usually treated diabatically
I 

for I-

nearly symmetric collisions. We have made three -j
state calculations to test this prescription for

highly asymmetric systems using the H
+ 
+ He system as m .5

a prototype. Molecular energy levels and coupling 0.

matrix elements calculated by Green and co-workers
2 --

were used as input data for the three-state dynamical -

calculations.

The probability vs. impact parameter for o -

transitions from the 2a to the 
3

o adibatic molecular 0 1 2
state near the united atom limit is shown in Fig. (1) b(au)

for relative velocities of 0.2 and 0.5 atomic units.

The large and nearly energy independent peak in the FIGURE 1 Probability as a function of impact parameter

probability near b=O.5 au. represents a marked b for a 2c-3o transition near the united atom limit.

departure from diabaticity for this system. The solid curve corresponds to a relative velocity of

The small, but non-negligible and energy 0.5 au and the dotted curve to a velocity of 0.2 au.

dependent, probability at large b is due to indirect

20-17T-30 rotational coupling. The energy dependence

of this component reflects the energy dependence of

the dominant 2o -I rotational transition. The

indirect or two step coupling occurs because the 
2
o-

3
o

crossing is not completely diabatic. The mixing

angle ce(R) of Taulbjerg and Briggs is found to equal

-1.365 rather than -7/2 at large R. As a consequence

both the 20 and 3o states couple to the 17 state, and

the 3astate takes some of the intensity that goes to

the 2gistate in a purely diabatic treatment.

Support for this research by the National

Science Foundation under grant number 8203400 is

gratefully acknowledged.
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PRODUCTION AND DECAY OF 2p VACANCIES IN
LOWENERGY Ar IONS STOPPING IN Mg

Sam J. Cipolla and Larry Hicks

Physics Department, Creighton University, Omaha, Nebraska 68178 USA

The 2p vacancy production cross section a2p was _

measured for 200-380 kev Ar 2+ ions stopping in thick

Mg targets. The cross sections were obtained from analy- •

sis of the Ar L x-ray yields measured with a thin-window

gas-flow proportional counter. The product of the ,., U

counter efficiency and the 2p fluorescence yield was U"°" ),,,.

obtained by normalizing our results to the Ar-Si 2p | __

vacancy production cross sections measured by Schneider, N

et al.
1 
after they were scaled to Ar-Mg using the -. -

x - .- -
Kessel model. Our results are consistent with the - , ,

3doa-dn-3d rotational coupling as the cause of 2p i 4
'd.

electron promotion into unoccuppied molecular orbitals LI'
in the Ar-Mg collision quasimolecule.

Combined with our previous measurements of the 25 2 3 370

total Mg K-vacancy production cross section OK in these ENERGY CKE' .
collisions, information was obtained on the projectile

energy dependence of the Ar 2p-vacancy lifetime T and FIGURE 1. The Ar 2p-vacancy lifetime T as a

the collisional quenching cross section aq. From the function of projectile energy for Ar

rate equations for the fraction of Ar projectiles that traveling in and stopping in Mg.

possess a 2p vacancy while traveling through a solid,
the equilibrium fraction fe is found to be, References

teqibu neq 1. D. Schneider, G. Nolte, U. Wille, and N. Stolterfoht,

af = p / ( 0. + I/NvT + G ) (1) "hy."-'"- "'.(--."
eq 2pq Phys Rev.A2,61(1993).

where N is the target atom density and v is the inci- 2. S. J. Cipolla and M. E. Mildebrath, Nucl. Instr.

dent speed of the Ar projectile. We have calculated Meth. Phys. Res.218,777(1983).
3. K. Taulbjerg. J. S. Briggs, and J. Vaaben, J. Phys.

f for different incident Ar energies E from the Ar-Mg
eq
vacancy transfer cross section G B9,1351(1976).

4. J. D. Garcia, R. J. Fortner, H. C. Werner, D.

eq rot (2) Schneider, N. Stolterfoht, and D. Ridders, Phys.

Rev. A22,1884 ( 1980).
where Oro t is the theoretical 2pO-2pnT rotational coupl-

ing cross section.3 Equations (1) and (2) were used

to determine T as a function of E, assuming no quenching

(O = 0), and also to determine a as a function of E

assuming T is equal to the constant free-atom value of

* 4 x 10
- l
' s for Ar possessing a single 2p vacancy.

The results indicate that a is negligible compared
q

with the spontaneous decay cross section I/NvT. This

conclusion is in agreement with the experimental results

of Garcia, et at.4 for Ar traveling in carbon. :"" "

The figure gives the results for T vs E in these

experiments. Errors for each measurement were on the

order of 10-20%.

.0 ' .

* .... .. ... .. ..- .
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L-SHELL EXCITATION IN FAST COLLISIONS OF Ne'-Ne§

H.J. Hoffmann, U. Lais and R. Brenn U

Fakultat fUr Physik, Universitat Freiburg, Hermann-Herder-Str. 3, 7800 Freiburg, FRG

Inner shell excitation is well understood in the these velocities.

limiting cases of the quasimolecular model (slow, By normalizing our cross sections to the I MeV - "'" -
3symmetric or level matching collisions) or direct Coulomb values by Beyer et al. we extract absolute cross

excitation in perturbative treatment (fast, asymmetric sections for the production of the (2s2p 5 0 1 2 ) 1r-3

collisions). The transition region between both models and (2s 2p6)S 0 excited states in Nell and NeIll,

or the corresponding outer shell processes are however separately for projectile and target. Their velocity

much less tested experimentally or studied theoretically. dependences are found to deviate from predictions of

The present experiments extend our earlier work on available model calculations.

K-shell excitation in Nen+ -Ne collisions to (single and

double) 2s-shell excitation processes and extend similar References

data by Hippler and Schartner
2 
and Beyer et a1. to I. K. Holzer and R. Brenn, Progress Report "Energie- .'..-.

reiche Atomare StoBe", EAS-1,24 (1980) J. Eichler,
higher velocities, well into the transition region B. Fricke, R. Hippler, D. Kolb, H.O. Lutz, P. Mokler ..- '.-

eds.between both models. The aim is to test the range of 2. R. Hippler and K.-H. Schartner, J.Phys. B8, 2528
validity of MO calculations for these systems, e.g. by (1975) . -
Albat et al.

4 
and Fritsch and Wille 3. H.-F. Beyer, R. Hippler and K.-H. Schartner, Z.Physik --

•ille . 292, 353 (1979)

Excitation cross sections for the production of 4. R-. Albat, N. Gruen, B. Wirsam, J.Phys. B8, 2520 (1975)

several excited states in Nell and NeIII with one or tw 5. W. Fritsch and U. Wille, J.Phys. B11, 4019 (1978)
6. E.Gilberg, M.J. Hanus and B. Foltz---ev.Sci.Instr. 52,2s shell vacancies in 1 to 4.5 MeV Ne+-Ne collisions 662 (1981) - - ..

were studied by measuring the UV emission between 38 and

53 nm with a novel grazing incidence spectrometer. The The authors acknowledge the assistance of D. Charalambidis,

instrument utilizes high precision x-y-translational H. Cdtz, W. Haas, K.J. Koulen and J. Schm lzlin in the

stages driven by stepping motors under computer control experiments.

and incremental measuring devices for a high precision § .aSupported in part by Deutsche Forschungsgemeinschaft
absolute position readout of the optical elements to

move the exit slit with the channeltron multiplier on a

calculated or computer optimized focal curve. 4 __|8I

The spectrometer can be positioned at angles between

0' and 1500 to the beam direction, offering the possibili- . -

ty to measure UV angular distributions in order to study

alignment processes or to Doppler separate projectile 39-

from target emission lines in symmetric collision

systems. An instrument with these facilities has, to our

knowledge, not been available in fast ion-atom collision 9

experiments although one instrument with computer

calculated and controlled scan path has recently been

described in the literature
6
.

In fig. 1, the UV emission from the decay of the 199

(Is
2
2s2p

5
)
3
P
0
, J=0,1,2 multiplet, separated for projectile

and target, is shown for 3 MeV Ne -Ne collisions. The

resolution of 0.04 nm, obtained in first order for a gold

coated 600 I/mm grating of 2.2 m radius at 83.220 graz- 9 64 channel 129
ing angle with the spectrometer positioned at 1200 to the

beam direction, is limited by the 40 pm entrance and

exit slit widths. The difference between target and Figure 1 Decay of the (2s2p
5
)
3
P
0 

multiplet; the spectral

projectile line intensities is in contrast to the range is 48.65 to 49.65 nm. P:Group of Doppler

predictions of the MO model and shows its breakdown for shifted projectile lines; T:Target lines

...... ..... ...... ..... ... -.'....

., .°.° °o~o~o*.'.o..... . .-.. .. °.. ... . .. . .. . . ..-•. -
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VELOCITY DEPENDENCE OF OUASIMOLECULAR AUGER EMISSION IN Kr-Kr COLLISIONS

A.P. Shergin R. Bilau, R. St6tzel. N. 0. Lutz

Faku1jit fur Physik. Universitat Bielefeld, '800 Bielefeld 1, FRG

A. F. loffe Physicotechnical Institute, Leningrad. USSR . -*' .-N'

Electronic processes in slow atomic collisions are 10__ _

determined by the electron orbitals evolving in the Kr- -Kr

transiently formed molecule. The spectroscopy of
....-----Le l et .13 4')

collisionally emitted continuum electrons has been used - .pon bockgrO-nd

as a tool to study these quasimolecular (MO) states. An "bo"k"rond s-b.t.o-•d

interesting feature of this electron emission has been

seen by Liesen et al.2 who observed oscillation-like I-

structures in the NO Auger spectrum. They were I in

attributed to the interference of decay amplitudes along

the incoming and outgoing parts of individual collision

trajectories.
In the work t~o be reported here we have studied the , W ',' "-.

continuum electron emission in 150 key and 450 keY Kr-Kr r, \

collisions. Electrons were energy analyzed (energy E. )  \ \ \

in an electrostatic spectrometer perpendicular to the '4" \.

primary ion beam direction. They were detected in I%'s

coincidence with Kr ions scattered through 150 after

interaction with a dilute Kr gas target. 10"I

The results are shown in Fig. 1. No oscillations ID0 200 300 4.0 500 [ .oo

have been found in the coincident NO Auger spectra Electron Energy [eV I-. " ,

although we tried to closely reproduce the experimental

conditions of ref. 2. The spectra can be decomposed into
Fig.i: Electron spectra coincident with ions scattered

an exponential component and a broad maximum. The h
through 150. 50 key date from ref. 1. Liesen et

behaviour of the exponential component (broken lines) al. from ref. 2; 450 key * present data (n2. 4.

with ion energy indicates the increasing significance of LW -. A

direct transitions to the continuum with increasing ion I V. V.oNa3 V. V. Afrosimoy, 6. 6. Neshki, N. N. Tsarev, sad $-Z

energy. Writing the exponent as (-aElfiv ) with v°  the
C 0 0A. P. Shergin. Zh. Eksp. Tear. Fiz. 84. 4S4 (1983).

collision velocity, the value a : 0.14 a.u. gives good 2 0. Liesen. A. N. Zinoviev, and F. . Saris, Phys. Rev.

agreement with experiment between 50 and 450 keV ion Lett. 41, 1392 (1981).

energy. The broad maximum has previously been associated 3 p. N. Woerlee. Y S Gordeev. N. de Weard. and

with MO Auger emission and provides information on
F. W. Saris. J. Phys. 814. 527 (1961).

collision broadening r and MO level energy. For example.--

r is found to scale with vo 1 in agreement with previous

work.

This work has been supported by the Deutsche

Forachungsgemeinschaft. rim
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CONTINUUM ELECTRON EMISSION FROM COLLISIONS OF 0.1-3.2 MeV Kr IONS WITH Xe TARGETS ' .4,-NA

P. Clapis, R. Roser, K. J. Reed
+ 

and Q. C. Kessel.

+Department of Physics and Institute of Materials Science, University of Connecticut, Storrs, CT 06268 USA
Lawrence Livermore National Laboratory, Livermore, CA 94550 USA

,200

A band of electrons with energies in the range of 0"
,v 'A:,:

150 to 600 eV have been observed from collisions of Kr .- • " 
"

with Xe targets. Coincidence measurements between .,0.

these electrons and the scattered ions determine the l

impact parameter dependence for this electron emission - 5Xe

and show this dependence and the electron energies to 6- -.. 4Kr

be consistent with the promotion of M- and N-shell 6, 4' d s- "................................................ .. ................. / 4~

5d -3dK,electrons. Figure 1 shows sharp increases in the . -- /--0

electron production cross section for distances of 4 -5-.

closest approach of 0.6 and 0.3 a.u. An extension of I"(-4pWe

1 L) ,lT. / ~ 45
the calculations of Eichler and coworkers is shown in 5p 3, "o
Figure 2 where a series of avoided crossings appear. /

for each of these internuclear distances. The thresh- z - Kr.

J ul.
old behavior for the production of these continuum W

4, ./
electrons, together with the agreement with Figure 2, /28 'S. -

indicates that two specific promotions are responsible -15- i . 40

for the production of vacancies 4hich may be produced

in any of a number of orbitals. The filling of these Kr -0'

vacancies can take place from outer-lying orbitals 0.0 0.2 0.4 0.6 0.6 1.0 1.2 14 1.6

which, during the collision, may be poorly defined be- INTERNUCLEAR DISTANCE aou.

cause of uncertainty broadening and dynamic coupling.

The observed band of electrons is consistent with such Thi. research has been supported by National

an excitation-decay process. This is in contrast to Science Foundation grant PHY-8406117. We also acknow-

an explanation for continuum electrons from Kr-Kr colli- ledge the use of computational facilities at LLNL; work

sions wherein they were attributed to the filling of a there performed, in part, under the DOE by LLNL under

single, well defined MO during the collision.
2
'
3  

contract No. W-7405-ENG-48.

Kr-Xe References
Kr-Xe --- .-

J. Eichler, U. Wille, B. Fastrup and K. Taulbjerg,
Phys. Rev. A 14, 707 (1976).

2. Yu. S. Cordeev, P. 11. Woerlee, H. de Waard and
F. W. Saris, J. Phys. B 13, 513 (1981).

3. V. V. Afrosimov, G. G. Meskhi, N. N. Tsarev and

L.L A. P. Shergin, Zh. Eksp. Teor. Fiz. 84, 454 (1983);

(English Trans: Soy. Phys. JETP 57,263 (1983)).
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IARGE ANGLE MASUREM 'S OF K-SELL VAANCY PRODUCICN IN COLLISIONS OF Ne ANM Ar IONS WTM Ar MGM.S

A. A. Antar+ AND Q. C. KESSEL*

* eDartment of Physics and Listitute of Materials Science, The University of CoLuecticut, Storrs, CT 06268 USA

Department of Physics, Central Connecticut State University, New Britain, CT 06050 USA

The final charge state of Ne and Ar projectiles 3. J. Eichler and U. Wille, Phys. Rev. A 1, 1973 . ,

scattered through angles ranging from 1 to 45 by (1975).

single collisions with Ar targets have been measured. ,

The product of the target gas pressure times the path 4. J. Eicher, U. Wille, B. Fastrup and K. Taulbjerg,

length in the gas is kept small enouh (2 - 6 x 10-  Ph . Rev. A 14, 707 (1976).

Torr-cm) to minimize multiple collisions. The

projectile Ne and Ar ions are produced in the termninal 5. H. 0. Lutz, W. R. McMurray, R. Pretorius, R. J. van

of a Van de Graaff accelerator. The energy of these Reenen and J. J. van Heerden, Phys. Rev. Lett. 40
projectiles ranged fran 0.15 to 1.50 MeV using single 1133 (1978). -

Ne and Ar ions and up to 3.0 MeW using doubly ionized

projectiles. For each set of an ion energy, Eo, and.

scattering angle e, the number of ions having charge

state m1Nm, are counted after passing through an

electrostatic analyzer. The prcability of the ions .

having charge state m (for each set of Eo & e)is given

by Pm =NMI* N4. The average charge m of the scattered
ions was theW determined from the values of P. from

the relation m =JmPm.

Ia~'*ta arp cmTsyrrl with inelastic- enerrly loss

measurerents obtained by Kessel and coworkers 1 , 2 for

the sane collision pairs at lower energies. For the
Ne+-Ar collision the final charge states range fron

2 to 6 show an excitation for a distance of closest

approach R0 0.2A where mn increases from 2 to 4. A
comparison of these data with the molecular-potential. -

calculations of Eichler and comrkers 3 ' 4 show this
excitation may be attributed to Ar L-shell vacancy

production. For the Az+-Ar collision, the final

charge states range from 4 to 10 show an increase in

the average charge state of the scattered ions from

7 to 8 when the distance of the closest approach, R,

is changing from 0.03 to 0.015A. Lutz and coworkers
observed K-shell excitation 5 for similar collision

conditions and therefore this increase in ionization
may e attributed to the production of ,<-shell vacan- ..

* in one of the argon atcris.
This research has been performed at the University '

*of Crnnecticut, supportee )-,7 National Science Fcurxlda-
tion grant number PHY-8406117.
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K-SHELL EXCITATION AND KK ELECTRON CAPTURE IN SYMMETRIC %

HEAVY ION COLLISIONS

E. Morenzoni , R. Anholt, W.E. Meyerhof

Department of Physics, Stanford University, Stanford, California 94305 USA

In several asymmetric heavy ion collision experi- MO model prediction of K-vacancy production via 2pn-
2
po

ments it has been found that the induced x-ray produc- rotational coupling and equal sharing probabiliry between

4. ~~tion does not depend linearly on the target tikes-
ion boehaviou dependsineary on the ldgup of cknd e 

.  
target and projectile. The KK electron capture cross sec-

his behaviour depends on the build up of K- and L-shell tion is larger than ov" Its magnitude is in strong dis- %
vacaacies in the projectile when it moves through the foil. agreement with predictions from the OBK theory

6 . 
A des-

K-shell excitation and ionization is then no longer sim- cription of KK-electron capture in terms of a two pass

ply related to the K x-ray yields. For instance a pro- 2pa-lso radial coupling is in better agreement with the

jectile K-shell vacancy created in a first collision can experimental values.

be quenched by a process whereby a target K-electron is

transferred to the projectile K-shell (KK electron cap- 'K "

ture), before a radiative or non-radiative decay takes (. O4b) Cu-Ou 90 MeV
place. KK electron capture should manifest itself even

in symmetric (Zp = Zt) collisions by enhancing the target 3 + * ,

K-vacancy production cross section relative to that of " -

the projectile. The enhancement depends on the cross 2 * € 4 0 Projectile
section for KK electron capture and on the fraction of 0 Target
in symmetric collisions occurs predominantly via the 50 100 150 /.Lg/lcm-.

2
p7-2po molecular orbitals, when a previously created TARGET THICKNESS

2pT vacancy is transferred to the 2pO orbital at small % '--

internuclear distances and then shared between target and FIGURE I K-vacancy production cross sections for target .... , ,

projectile K-shell 
5 . This process depends on the l,- hell and projectile as a function of target thick-

population of the projectile. ness in CU-Cu colisions at 40 meV.

In order to study the various competing processes

responsible for projectile and target K-vacancy production .
References

in symmetric systems, we measured the separated target and
1. H.D. Betz et al., Phys. Rev. Lett. 33, 807 (1974)

projectile K x-ray emission in Ni-Ni, Cu-Cu, Nb-Nb, Ag-Ag "Gr.,°R-"1• ~~~2. R.K. Gardner et al., Phys. Rev. AI5, 22(02 (1977) L
" - - %

as a function of the target thickness. The target thick-
3. A. Tanis et al. , l'v-s. Rev. A22, 481 (19801)

ness ranged from 5 to 200 pg/cm , the beam energy between 4. A. rnis et al., Phys. B14, 73 (1981)4...P. Rot .. tet al., .I. l'hys. B.4, 73 (198I) "'""

75 and 105 MeV. The K x-rays were detected with a SiLi

detector set at 300 and 1500 with respect to the beam di-...erf s R...34 (7
6. V.S. Nikolaev, So.. Ph s. IET[ 24, 817 (1967)

rection. In this way the Doppler shifted projectile lines

could be separated from the target lines. K0 and K1 ener-

gy shifts and K /K ratios for target and projectile

were also determined as a function of the target thick-

ness and used to determine the average 1. and M shell po-

pulations during the K-vacancy decay and the K-shell "

fluorescence uK" The projectile and target K-vacancy pro-

duction cross sections so obtained for Cu-Cu collisions

at 90 MeV are displayed in fig. I as a function of the

target thickness. By analyzing these cross sections with "

a model which takes into account the evolution of the

,*- projectile L- and K-shell inside the target, the cross
•present idhrer s: i, lt I w it IhIttneiieliv,ik,

% sections of the K-shell excitation in target and pro-

jectile and of KK electron transfer in symmetric collisions lTIl-/urirh, Cl1-'e)9 1ur ilh-l igerberc, Swl tllnd.

.could be determined. We found that K-shell excitation in

target and projectile (ov) is equal consistently with the

.. . . . . . ... . -.... "........"............. "..,..".
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SPECTROSCOPY OF QUASIMOLECULAR ORBITALS % ....,m* p,
FROM INTERFERENCES IN 1so- 2pm, 2pa X RAY TRANSITIONS % %

R. Schuch, R. Hoffmann, E. Justinjano, J. Konrad, P.M.Moklerx
, A. Oppenlnder,

W. Schadt , H. Schmidt-Bocking O el r -

Physikalisches Ins~itut der UniversitAt, D-6900 Heidelberg, FRG -
+ ^GSI, D-6100 Darmstadt, FRG f-,-Z,. 7

Institut fur Kernphysik, 0-6000 Frankfurt, FRG ..

In recently performed collision experiments of is clearly seen. Subtracting the random background t7w.
decelerated hydrogenlike C116+ ions with Ar atoms an one can already see from the two-dimensional spectrum -

interference structure in the spectra of quasimolecular the existence of an interference minimum and a maximum

K- x rays (MO x rays) for fixed impact parameters was in the MO x ray continuum. This structure is utilized

found'
)
. It was possible to extract in a direct way to obtain lso-2pT, 2po quasimolecular transition. . -

lso-2pn quasimolecular transition energy from this energies also in these intermediate heavy systems.

structure
2 

. We want to report here about new experi-
15+ _____________________ments with light (S -Ar) and intermediate heavy 0 01 e

(Ge
31
+-Kr, Kr

35
+-Mo) collision systems with the follow- ?1 _. F 5A

ing goals: .

1. A better understanding of the interference struc- 10
ture and more precise spectroscopic information

±aeo

2. Extending the studies to heavier systems and w " "

also to the use of solid targets. GZ .".....

The spectra of MO x rays contains a superposition

of transitions from mainly the 2po and 2pTi states V.

into the 1so state. Although the transition from .

2pm should dominate, the contribution from 2po influ- 400 gas '-' 1.00 00

ences the spectroscopic result. With respect to Energy
the first point we searched for possibilities to

separate the two contributions in the MO x ray spectra. Fig. 1: Two-dimensional coincidence spectrum: time

versus x ray energy for impact parameters -. '.%

According to theoretical predictions e.g. by Briggs around 820 fm.

et al.
3 , 

the interference structure in the MO x rays

should be shifted in the photon energy for observation *supported by Bundesministerium fur Forschung und

at two different polar angles (00 and 900). We therefore Technologie.

performed an experiment with 12.8 MeV S
15 

on Ar

(gas target) and observed MO x rays in coincidence

with scattered particles at two emission angles References
(200 and 900) with respect to the beam axis. A small

shift in the interference structure at the two emission 1.1. Tserruya, R. Schuch, H. Schmidt-Backing,
angles is observed, which will be compared with J. Barrette, Wang Da-Hai, B.M. Johnson, K.W. Jones,

theoretical predicitions. M. Meron, Phys. Rev. Lett. 50, 30 (1983)

2. R. Schuch, H. Schmidt-Backing, I. Tserruya,
With respect to the second point we report about B.M. Johnson, K.W. Jones and M. Meron,(2. MV/) .Phson3, 185. (1985) dM.Meo
results from measurements with decelerated (2.6 MeV/u)

Ge on a Kr gas target and 4.6 MeV/u Kr
35+ 

on a Mo 3. J ....

solid target. The fig.1 shows a two-dimensional spec- 3. J.S. Briggs, J. Macek and K. Taulbjerg, J. Phys.

trum of x ray energy versus coincidence time at a 812, 1457 (1979)

small impact parameter of 820 fm from the Ge
31

+-Kr

experiment. In the part of the spectrum above the

characteristic x rays the time peak for the MO x rays
Fi-...
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K-VACANCY PRODUCTION IN HIGH ENERGY U + U AND
U + Pb COLLISIONS AT SMALL IMPACT PARAMETERS*

J. D. Molitoris, R. Anholt, W. E. Meyerhof, 0. K. Baker, S. Andriamonjet and E. Morenzoni"
Department of Physics, Stanford University, Stanford, CA 94905

Extending our earlier investigation of the Pb K-shell vacancy If we take w from theory,' we can calculate the expected values of ...i. i...

production in elastic Xe+Pb collisions near and above the nuclear P2,, and Pl,, from the experimental values of PPb and Py:

Coulomb barrier,1 we have determined the Pb and U K-shell ion- .,. .

ization probabilities in elastic U + Pb and U + U collisions at 4.6, P2 , = [(1 - w)Ppb - wPulI(1 - 2w) (3) '-'.

5.8, and 7.3 MeV/a.m.u. In these heavy-ion - atom collisions, the Pi,. = 1(1 - w)Pu - wPpb]/(1 - 2w) (4)

molecular model is appropriate, according to which the ionization
These values are shown in Fig. 1 for 7.3 MeV/a.m.u. U + Pb

of an inner (K) shell can be described in terms of the ionization

of the molecular orbitals (lsa, 2 po) leading to that shell. 2  collisions and are compared with coupled channel calculations 6 and
a scaling law description.' Figure 1 also shows a similar comparison

In this work we investigate 2po ionization in symmetric and for 7.3 MeV/a.m.u. U + U collisions. Here the P,." contribution

"--asymmetric collisions and eso ionization in asymmetric U+Pb col- was estimated by the scaling law description and was subtracted
lisions. We used projectile energies near and above the Coulomb from the data. We will also present results for projectile energies

barrier because of their interest in related, but more complex stud- of 5.8- and 4.6-MeV/a.m.u. Comparison is made with theory and

ies, such as the determination of atomic positron production in other available data.
heavy-ion collisions3 and the study of nuclear time delay effects

10-
in deep inelastic nuclear reactions.' In the former of these, the u+ U- Pb

-J
isa ionization probability plays an important role, whereas in the F (a) - Coupled Charnel (b)

Scaling Low
latter, use is made of the much larger 2pa ionization probability. 0

Our work directly tests calculations which have been made of these Z 0  
" " '

ionization probabilities., '5  * * , •.(...

We determined these K-shell vacancy probabilities by detect- 0 "

ing the K x-rays of the collision partners in coincidence with scat- 0 " "

tered particles. A major difficulty at projectile energies above the "

Coulomb barrier is the production of K x-rays by the internal con-

version (IC) of "y-rays, from inelastic nuclear reactions. To over- 0 20 40 60 0 20 40 60 80
IMPAT PAAMTER If",) ""'"''

come this problem we made use of a "y-ray anticoincidence method

described in our earlier work.' The technique worked well in the Fig. 1. iso (A) and 2pa (0) vacancy production probabilities

determination of the K-vacancy production probability from U x- versus impact parameter for 7.3 MeV/a.m.u. (a) U+U and (b) U+

rays as it helped to eliminate some IC due to Coulomb excitation Pb collisions compared with theory.

in addition to IC from nuclear -y-ray cascades connected with near-
elastic and deep-inelastic reactions. The method made negligible References

difference in the measurement of Pb x-rays. Supported in part by the NSF (Grant PHY-83-13676).

Comparison of the experimental data with theory is made t Permanent address: C.E.N.B.G., Bordeaux, France. . " -

slightly more complicated because of the need to consider va- 1 Permanent address: E.T.H., CH-8093 Zrich, Switzerland. -

cancy sharing between the 2pa and iso MO's.7 Judging from the 1. R. Anholt etal, Z. Phys. A 308, 189 (1982).. ,

measured impact parameter dependence of the K-vacancy shar- 2. W. E. Meyerhof and K. Taulbjerg, Ann. Rev. Nucl. Sci. 27, - ' -. --.279 (1977). """":""""'

ing factor s (w), for our purposes w should be nearly independent 3. (1977.

up to several hundred fm. In that case, the measured Pb and U -3 A'.11"263 1983)
4. Ch. Stoller et al., Phys. Rev. Lett. 53, 14, 1329 (1984).

K-vacancy production probabilities can be written in terms of the
5. T. deReus et al., J. Phys. B: At. Mol. Phys. 17, 615 (1984).

theoretical 2po and Iso vacancy production probabilities as:
6. U. Miller and T. deReus, (Private communication) (1984). -. ,. .

PPb = (1 - w)Pp, + wP1.1 (1) 7. W. E. Meyerhof, Phys. Rev. Lett. 31, 1341 (1973).
8. R. Schuch et al., Phys. Rev. Lett. 39, 79 (1977).

Pu = wPP, + (1 - w)P, (2) 9. F. Boach et al., Z. Phys. A 296, 11 (1980).
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Z-DEPENDENCE OF POSITRON PEAK STRUCTURE IN SUPERHEAVY COLLISION SYSTE IS % .. %"

H. Bokemeyer, H. Folger, H. Grein (GSI, Darmstadt),

T. Cowan, J.S. Greenberg, J. Schweppe (Yale University),

A. Balanda , K. Bethge, A. Gruppe,

K. Sakaguchi, K.E. Stiebing (Univ. Frankfurt),

0. Schwalm (Univ. Heidelberg), P. Vincent (Rutgers Univ.),

H. Backe, M. Begemann, M. Kliiver, N. Trautmann (Univ. Mainz) °
"  

.

We have pursued a series of experiments to study posi- Because of these findings, we recently have also pur-

tron creation in the collision systems ..'U .
2

cm, sued the question of whether the peaks are uniquely
2
izTh 

2
'41Cm, 

2 3
1U + 

2
3U, 

2 3
U 

2 3 2
Th, 

2 3 2
Th associated with only supercritical systems by studying

"'
2

Th where supercritical binding can be achieved with the subcritical system "'
3

Th 
+ 

" Ta (Zu=163). As

the beams and targets available. Both 
2 

"U and ...Th shown in Figure 2, a narrow peak with an energy con-

projectiles were used to avoid the possibility of a colli- sistent with the peaks in the supercritical systems is

sion partner common to all the systems. The measure- also observed in this case. In this system we have also ,- - _

ments were motivated especially by the anomalous detected I-ray transitions which could contribute struc-

appearance of a narrow positron peak in .'U 
2

" iCm ture to the positron spectrum in the region of the peak

collisions. This peak displayed many of the properties through internal pair creation. The extent to which

that could be associated with spontaneous positron the nuclear transitions can account for the peak in Fig- . -

emission from a giant dinuclear system, in particular a ure 2 is presently being investigated.

peak energy consistent
2  

with the energy of a super-

critically bound ls state for a system composed of the On leave from IF UJ, Krakow, Poland

two nuclear charges Z u=188) marginally touching. The Present address: BNL, Upton, NY, USA

measurements noted above were carried out to search

for peak structures in other supercritical systems with J. Schweppe et al. , Phys. Rev. Lett. 51(1983)2261

special emphasis on exploring two distinguishing fea- 2 J. Reinhardt et al. , Z. Phvs. A303(1981)173

tures that could identify the spontaneous positron exci-
E E

tation process: 1) a very strong dependence of the oE

peak energy on the total nuclear charge Zu and 2) 00 .

emission from the combined system. 1R-7",

The general features of all the collision systems studied ,.( "

were found to be similar, with a pronounced peak A 3oo ,,

appearing above the continuous background in each Figure 1 , "
1 o~250 ,

case. As found in the U 
+ 

Cm system
1

, the peaks Lu

appear to be produced in a narrow interval of bombard- 200

ing energy near the Coulomb barrier, they cannot be

identified with any trivial nuclear source, and the very '50 .
172 174 176 178 180 182 185 186 t88 190

similar Doppler-broadened lire widths are all compatible Z Zo0 + Zt=g

with emission by a system moving with the

center-of-mass velocity. However, a near degeneracy in l"o

peak energies is observed for all the systems, which0 
232Th + 18 Ta

contrasts with the -Zu
20 

dependence td
2

spontaneous positron emission from systems of constant 5.8 MeV/u

nuclear charge distribution and state of ionization. Fig -  so

ure 1 illustrates that to account for this near constancy Figure 2 "

in peak energies within the context of spontaneous o

positron emission, it is necessary to invoke very radi-

cally different charge distributions for the metastable 20

giant nuclear systems. It bears emphasis that the very

similar peak energies and widths are notable features of 0 200 400 600 800 1000 1200

the spectra and suggest a common source. E.. I keV I

.. .°° .................. ..... ..... °,. •............................. . ,, ..... .... ..

S..-.........-. .  .. ...... '.... -. . . ........ ".....'.".,, ,"".... :'.,".."-." ...., ."...,. .
. . .. . - . , . .... .... . .. . . . . .

S- .5. ta V. * .
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ACCURACY OF MEASURED H(n=3) DENSITY MATRICES FOR
,l+-He AND H, H2+. AND ,3+-CARBON FOIL COLLISIONS

W. B. Westerveld, N. Rouze, and J. S. Risley

Department of Physics
North Carolina State University

Raleigh, North Carolina 27695-8202 USA

We have developed an experimental technique to the essential forward scattering with a known velocity ... *

determine the density matrix of fast excited hydrogenic of the formed atoms. In principle, therefore, high

systems. The technique has been applied to measure the accuracies are possible for the derived density matrices.

density matrix of H(n=3) atoms formed in 40-80 keY H++He However a number of small systematic effects has not "

electron transfer collisions
1
,
2 

and 40-160 keV H+, H2+, been taken into account, such as cascade from higher+
+

and H3
+ 

collisions with carbon foils.
3,
" In the experi- lying levels and the energy dependence of the density

ment, the excited hydrogen atoms are allowed to radia- matrix for speeding up (slowing down) of the charged

tively decay in the presence of externally applied axial projectiles on passing through a gaseous target in axial

or transverse electric fields. These fields produce electric fields. At very low velocity the angular

Stark mixing of the different i-levels, thereby changing distribution of the emerging hydrogen atoms should be

the intensity and polarization of the observed light, taken into account in the analysis. Turn-on effects

The electric fields can be kept sufficiently small associated with the electric fields are difficult to - -

(<1000 V/cm) so that the collision itself is unaffected, evaluate quantitatively. The highest demands are put- .

The data are analyzed by modeling the time on the optical system with respect to polarization

evolution of the excited hydrogen atoms from their sensitivity and accuracy. Specificallv, errors due to

formation until their decay. Statistical fitting of the solid angle subtended and the length oif beam

calculated signals to experimental observations allows viewed need to be considered. Wu are currentlv in the

the determination of a linear superposition of the process of exploring the .ihovt vtematic effects in

- calculated signals which "best" fits the measured order to incorporate them it, the analsis or, where

signals and yields the H(n=3) density matrix at the possible, to minimizt, thir.

time of the formation of the hydrogen atom. The This work was supported in part ho the Atomic, .

obtained density matrix specifies the charge and Molecular, and Plasma Ph1sics Program of the NSF,

current distribution of the excited atom, thus Grant No. PHY-82-08905.

facilitating an intuitive understanding of the References

collision process
2
, see Fig. 1. 1. C. C. Havener et al., Phvs. Rev. Lett. 48, 926

An attractive feature of this experiment lies in 2. (1982).
2.C. C. Havener ct al., Phys. Rev. Lett. 53, 1049

the almost exact analysis which is possible. The (1984) and submitted to Phys. Rev. A.

* modeling of the experiment relies on the calculable 3. N. Cuilbert, M. S. thesis North Carolina State
University (1984).

time evolution of excited hydrogen atoms in external 4. R. Cline et al., Bulletin of the Am. Phys. Soc. 29, ' "."

homogeneous fields and, in the experiment considered, 1504 (1484).

b) 40 kev
I) 40 keV 20

10 v I

- -

-20 o ; ... .. '. . it -". ' -

20 -20 .. 0 0 '0 20

... ... ... ... ... ... ..

- .,..".% .

Fig. 1. Density (a) and current distribution (b) of H(n-3) atoms formed in 40 eV H 
+  
+ He electron-transfer "." '"".. .

collisions.
2  

In the fl~ure, the He
+  

inn is to be left. ,. '" • '

1::: .. -

". . ..j .. • . . . .. . . -' ... . o . . . °.. .-. ..- -"%".. . . . . .. % o. ." ." .o"" . . % . . . °% % 7 . _;W . O
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THE Na 2p
5
3s

2 2
PI  STATES EXCITED BY PROTON IMPACT: ABSOLUTE CROSS SECTIONS AND ALIGNMENT.[".1/2,3/2

R. Hintermayer, G. KeBler, T. Passarge and W. Mehlhorn

Fakult~t fur Physik, Universitdt Freiburg, 0-7800 Freiburg, FRG

We have ,easured absolute excitation cross sections References .

5 2 2.'
P) of Na 2p

5
3s

2  
P and the alignment parameter A2 of 1. M. Fink and D. Gregory, At. Data Nucl.Data Tables 14,

2P proton impact in the energy range
3/2 2. 0. Schbller and J.S. Briggs, in "Fundamental

EH+ = 10 ... 30 keV or range of reduced velocity Processes in Atomic Collision-Physics" (H.O. Lutz,

V /Vp = 0.38 ... 0.66 (v = vH and v are the J.S. Briggs and H. Kleinpoppen, eds.) NATO-ASI
rel 2p rel H 2p Series, Plenum Press, 1985

- velocities of the proton and the 2p electron of Na, 3. C.E. Theodosiou, E. Breuckmann, B. Breuckmann and

W. Mehlhorn, J.Phys. B 12, L689 (1979).
4. P. Ziem, R. Morgenstern and N. Stolterfoht, Proc.

Experimentally, the proton beam passed through a X. ICPEAC, Paris 1977, p. 1002.

metal vapor oven and excited the Na atoms inside the 5. R. Ruckteschler and W. Mehlhorn, Proc. XII. ICPEAC,
Gatlinburg 1981, p. 748.

oven. Electrons from the autoionisation of the

2p 53s
2 
2P1/2,3/ 2 states were measured for different to - -----

. ejection angles o relative to the proton beam. For the

* cross section measurements the magic angles a = 54.7'

or 125.3' were used.

The cross sections for proton impact were determin-

ed on an absolute scale by fitting them to the absolute 
.10...

cross section for elastic scattering of electrons by

Na atoms at the incident energy of 500 eV. To achieve to

this, the intensity of autoionization electrons follow-

ing proton impact and the intensity of electrons t
-
O , __,_,_, ___... _, . . ....._,__...-

elastically scattered by the same Na target were measur- 01 0.2 05 1 2 5 10 20

ed intermittendly, thereby the density of the Na target VIfv~p (Proton)

and the transmission of the electron spectrometer need

not be determined. 0.60.8 - r - . . . . . . .

The alignment parameter A2, with

A 2 = Q(2pO)-Q(2pl)/[Q(2pO)+2Q(2pl)Z and Q(2pm ) the

excitation cross section of a 2pmg electron to a 3sO

state, was determined via the angular distribution of E 0.4 -

SajAoionization electrons "

S(I 1 2/4r)lIoA2P2(cose)". 02 .

" In Fig. I and 2 the present experimental values of
2 E otne absolute cross sections Q( P) and the alignment .?

parameter A2 (here also earlier values are included) are -0.2 -

compared to theoretical results obtained for different

*2 01 02 05 1 2 5 10 20
approximations . It is interesting to note, that best / 2 _Proton)

* aqreement for the cross sections occurs for a 25 state

SCA calculation, where backcoupling and polarization

effects of the target atom has been taken into account, Fig. 1 and 2. Absolute excitation cross sections Q(
2
P)

whereas for the alignment parameter A2 best agreement o Na 2p
5
3s

2 2
P and alignment parameter A2 of

occurs for the PWBA. This rather good but unexpected Na 2p
5
3s

2  
P for proton impact as function of

agreement with the PWBA results has been found already v rel/V. Experiment:V = present values,, = Theodosiou
-. 3 re ip, 45

" earlier
3
. et al ., 0 = Ziem et al. , = Ruckteschler and Mehlhorn

. The support by the Deutsche Forschungsgemeinschaft Theory
2
: - 25 state close coupling calculation (SCA),

is gratefully acknowledged. - - 4 state close coupling calculation (SCA),

- -. .=-PWBA (identical to the results of Theodosiou

3
et al.3),

6.-.
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APPLICATION OF THE QUASI-COINCIDENCE TECHNIQUE TO EXCITED
STATE CAPTURE BETWEEN ALKALI IONS AND INERT GAS ATOMS

K. NEHER, B. STAUDENMAYER, Fakult~t Physik, Universit~t
Freiburg, D-7800 Freiburg
V. KEMPTER, Phys. Institut TU Clausthal, D-3392 Clausthal

INTRODUCTION .

The shape and the orientation of the charge and the circular polarization P3 are measured -

cloud of an atom excited in collisions will re- as a function of the scattering angle. % **..,

flect details of the underlying excitation mech- RULSADNTPEATN1 ~~RESULTS AND INTERIPRETATION -

anisms. Analysis of the polarization properties A complete polarization analysis of the emit-

of the light emitted by the excited atom has ted photons from the capture processes

developed into a powerful tool for the test of Li
+ 

+ Rq - Li(2n) + (Pq)+

predictions concerning the physics of the col- Na
+ 

+ Rg - Na(3p) + (pg)+

lision process. We have studied excited state where Rg=:He, Ne, Ar, Kr, Xe, will be presen-

capture of Li+ and Na+ colliding with inert

gases by using the quasi-coincidence technique.
2  ted for scatterino angles 9 between I and 4

degs at 2.5 keV impact energy. Full coherence
So far the quasi-coincidence technique has been is found for 9 > 2 degs excent for Li+-Ne and

applied only to excited state capture in col- Na+-Ne. The results for Li+-He are in quali-

lisions of He
+ 

and Ne
+ 
with inert gases.

3
'
4

+tative agreement with nrevious results. Tn
Even in the simplest case He+-He the measured general P3 is small in the studied e-range at

reduced degree of polarization IPI was far from 2.5 keV. The (m=±1) substates of Li(2n) and

unity, and information on the shape and orien- Na(3o) are dominantly oonulated. We can con-

tation of the excited state's charge cloud could clude that the Li(2o) and Na(3n) charoe

not be obtained. clouds are oriented almost perpendicular to
We have carried out a complete polariza- the internuclear axis under these conditions. .- ' -'..

tion analysis of the Li(2o.2s) and Na(3p- 3s) These results can be understood on the basis

photons emitted after excited state capture in of one-electron orbital correlation diagras
5

collisions of Li
+ 

and Na
+ 
with the inert gases. which predict that the dominant excitation

The reduced degree of the polarization for this mechanism under the studied conditions should

class of collision processes is indeed unity ex- be rotational coupling at small internuclear

cept for very small scattering angles. Thus the distances (1 a.u.).

polarization results can be used to deduce the In an auxiliary experiment we have stu-

shape and orientation of the excited state's died

charge cloud. He(23 P) + Rg - He(33 P) + r' "
EXPERIMENT with the quasi-coincidence technique at the

Li
+ 

and Na
+ 

ion beams are produced by eva- same impact energy. As in the case

porating the aporopriate alkali metals, and by He+ + Rn ' He(3 3p) + Rq+

ionizing a small fraction of the evaporated studied in the reduced deoree of nolari-

atoms by collisions with hot metal surfaces. A zation is well below unity, and there is no

stable beam current density of 10
7 

A/mm
2 

at I m comnlete coherence.

distance from the ion source can be maintained REFERENCES . -

at 2.5 keV beam energy. The monoenergetic ion 1.T. Andersen, H.P. Neitzke, X[II tCPEC

beam collides with inert gas atoms in a short ern nv',er" (83

collision cell of 3 mm length. The photon detec- 2. /. ittmann, . . *aneri, Z. h . A288,

tor consists of a polarization analyzer, an in- 335 11978).

terference filter, and a nhotomultinlier and de- 3. H. Winter, hs. Sc-rinta -6, 136 (1983).

tects photons from the transitions Li(2p-2s) 4. ".W. Aichaels, C70.I.e,, ?... Chjrch,

and Na(3p-3s) . Photons are only registered if . n ",th. 202, 22 1 8

the emitting atom is scattered into the desired 5 g. Beret, NATO Ad. pci. SOxcs 1' ,

angle and decays after it has left the collision (1983).

cell. The angular resolution is about 1 degree

FWH1M. Both the linear polarizations P1 and P2 ,

'° .- °,

.','" . '°°'- e- o/ . " . /" / "' "° ' .-'- ., , / " -. . . . . . -' -. , .,.- % "" " "" '" "" ' ,° - " -" ° " "'- °"" "" ".. ., .%-
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POLARISATION STUDIES OF RESONANT ELECTRON EXCHANGE IN Na+-Na*(3p) COLLISIONS

A. Bshring, R. Witte, H. Schmidt and I.V. Hertel .... ,

., Institut fUr MolekUIphysik, Freie Universitht Berlin, D-1000 Berlin 33, West Germany

The merging of atomic and molecular description

in low energy ion-atom scattering has exten-

sively been discussed in previous publications-

where we studied inelastic collisions in the

model system Na+-Na*(3p). The simple picture 2t. i -M

arising from these measurements of the polari- 1_4

sation dependent differential cross sections L. _N

was that of a finite internuclear distance RL -

where the main axis of the 3p-charge cloud L-, ,oa-no. ,1xf t-n emo,,. .
0n*. ,1.rq Wa- ~fV~S - U)VW4changes from space-fixed to body-fixed behavi- co was.%

our thus being locked to the molecular axis. Of

course, the measured value of RL is marking an 00 .,-VI

effective locking range rather than a definite

radius. Moreover, to be roughly constant RL

. must be appreciably smaller than the impact Fig.2 Scheme of the interaction regions in

parameter b. This is also seen from semiclassi- elastic scattering

" cal calculations of RL(b) shown in Fig. 1. This is demonstrated in Fig. 3, where we com- -

Indeed the condition b'<RL is fully satisfied pare a measured angular dependency of the cir-

in the case of collisional 3p-3s deexcitation cular asymmetry P3  with semiclassical

and 3p-3d excitation, for both processes pro- calculations. According to the limited resolu- .

ceed via rotational coupling at quasi-fixed tion of our apparatus the theoretical curve had

impact parameters b 5a.u. In contrast, the to be averaged over the angular interval iGCM ...-..

recently studied resonant charge transfer in +0.10 resulting in a much smoother behaviour

80 and damped to a magnitude that agrees well with

650 Ecm=lOOeV 3-20 .

"40.15 Ecm=IOOeV '
.0

0.05

20. 
-. 05

-'" -.15', 10l. -20," """ "

1o 20 .0 o0 0 .2 .4 .6 .0 1.0
b/a.u. Ocm/deg.

_L_1 Locking radius RL as a function of im- Fig.3 Angular dependent circular asymmetry P3

pact parameter b, calculated for gerade * exp., - theory, --- averaged theory

ungerade - . potentials experiment. Further effort is being made to-

the excited channels
2 

is observed under colli- wards considerable improvement of the angular

sion angles peaking at OCM=O and hence taking resolution employing multichannel detectors.

*" . place mainly at large impact parameters. There -

we reach the l imits of our simple locking me- References ..

del, the processes becoming very complicated as -

. indicated in Fig. 2. Since we are no longer 1 A.Bdhring,l.V.Hertel,E.Meyer,H.Schmidt,Z.Phys.

able to disentangle the numerous possible tran- A 312,293 (1983);A.Bihring,I.V.HertelE.Meyer,

sitions each leading to different trajectories W.Meyer,N.Spies,H.Schmidt, J.Piys.B 17, 2859

there is no more defined impact parameter and (1984);A.BAhring,E.Meyer,l.V.llertel,H.Schmidt,

therefore even the semiclassical picture be- Z.Phys.A 320, 141 (1985)

comes dubious. Moreover, the huge amount of 2 A.Bghring,I.V.Hertel,E.Meyer,H.Schmidt,Phys.

*'-' pirtial waves taking part in the small angle Rev.Lett.53,1433 (1984)R.J.A11an,A.Bhring,

scattering makes calculations very difficult. H.Schmidt,R.Witte, to be published - -..



438

SPIN-DEPENDENT INTERACTION IN keV Ne * Na COLLISIONS %

W. 11tachan, S. OSimItacp, N. Rehl., D. Mueller.

H. Kleinpoppen , and N.O. Lutz

Fakultit fr Physik. Universtit Bielefeld. 4800 Bielefeld, West Germany " .. P.
Atomic Physics Laboratory, University of Stirling, Stirling FK9 4LA, Scotland

The spin polarization of an electron is influenced in a INo'*12o' o*,.' i 5". "

collision by: to" "

case 1) interaction between spin and other angular ]p - - '

momentum; X-0 4 -a.

case 2) exchange of individual electrons.

Both interaction mechanisms may be active in collision UO o--

" systems with at least two electrons. LU

As a first step towards experiments in which the -1 -
1
e 2_ "_

spins of all collision partners are known before and 3dw_ -

after the collision we investigated the Na 3s to 3p

excitation by Ne ions with spin preparation and analysis

of Na only: 0 1 2 3 Is 5 0 I-

N e * N a ) ? , . N .e * N a ( t . ,1 ) R.( o'

The Na atoms had an initial spin polarization P 0.205, £i.2, Molecular orbital diagram of the Na Me e system
and the spin polarization of the excited final Na 3p ( ne 3-; [(based on diagrams of Olsen et al3)

state was derived from the circular polarization P3 of
3%

the fluorescence light which is affected by hyperfine

relaxation after the collision. The observed
state correlates to the atomic Ne)2p 53s) state in whic

polarization values P 3  (Fig. It are compatible with5
spa i aon va ues at highipact energies; oever. with the 3s electron interacts with the 2p

5 
core. The actual

interaction results in intermediate coupling of the

decreasing impact energy P3 becomes smaller indicating3angular momenta involved. In order to estimate the....

the increasing influence of spin-changing interactions
depolarization of the 3S electron by the interaction one

riuring the collision.
may calculate the depolarization for the limiting cases

As a possible explanation for the observed of 33-coupling (case I above) and IS-coupling (case 2

5
depolarization we suggest the following simplified above). In 33-coupling the 3s spin couples with the 2p

mechanisms: Eacitation of Na presumably occurs via state where i is (statistically) either 3/2 or 1/2

quasi-resonant charge-exchange from the 3so state to the (resulting splitting 417 cm
-  

and 1070 cm

4po state at large internuclear distances and subsequent respectively) 1n 15 coupling the spin of the
. -

rotational coupling to the Ipe state (Fig. 2). The 4po electron is affected by exchange of 3s and 2pS electrons

due to the electrostatic interaction (interaction energy
I -I....,.

020 2/3 G x 970 cm 1 . With known interaction energies the

P spin-precession can be calculated.
2

The curves obtained by assuming an interaction time

0 t : 11 a /v (v denotes the impact velocity) are in
0

qualitative agreement with the experimental data

(Fig. 21.

0 o I ELob[ keY V) This work has been supported by the Deutsche

SCircular polarization P3 of the Na Ip fluorescence Forschungsgemeinschaft in Sonderforschungsbereich 216.

light. The upper dashed curve (P3 z 0.1711 corresponds to

spin-conservation during the collision, the lower dashed I W. )itschin. S. Osimstsch. H. Reihl. H. Kleinpoppen.

curve IP *0.117) corresponds to an unpolarized Na 3p and H. 0. Lutz. J Phs s 1?, 1899 (19S41

electron immediately after the collision. Solid curves 2 . Blus and H. Kleinpoppen, Phys. Sep. 52. 203 1979)

take spin-precession calculated for pure coupling cases 3 J 0. Olsen, T. Andersen, H. Barat, C. Courbin

into account; upper curve! 33-coupling, lower curve: Gaussorgues, V. SLOts. . Pommier, J. AguSts, N.

electron-exchanlge. Andersen. and A. Russek. Phys. Rev, A 19, 1457 (1979

........................................................ . .. . . .
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& PROTON-INDUCED L X-RADIATION:

STRONG DEPENDENCE OF POLARIZATION ON TARGET NUCLEAR CHARGE

r~.U. Werner, W. Jitschin, and N. 0. Lutz

Fakultat fur Physik. Universitit Bielefeld, ~
4800 Bielefeld 1, Fed. Rep. of Germany

In. polarization and anisotropy of X-radiation originates I............ .~

4 rom t he anisotropy (alignment) of the collisionally Ciy&.

1 nduced vacancy state. For the proton-induced 1-shell 0-

radiation of heavy target atoms 17 2)47) existing data are -----
in reasonable agreement With advanced theories and, if

* scaled oroperly, depend only weakly on the target nuclear -20" 4
1 3

,harge In contrast, for light target atoms (7 2'30)

only two experimental Points are available.
4

In our measurements we recorded the 1-spectra of the 01j.-LL1

Id transition elements Co. Ni, Cu. and Zn (72 =27-30) with V2 02 2

2 --

a plane-crystal X-ray spectrometer. The various L lines Fia..L. 13 -subshell alignment of Cu and Zn.

are well resolved allowing a determination of the Experiment: e Cu. a Zn, present work; o Cu, ref. 4.

L. polarization (Fig. 1); measured values were corrected Theory:.-- CPSSR with hydrogenic wavefunctions.

for the polarization sensitivity of spectrometer. At - -CSR wthsredwafucin, - CAwh

high impact velocities the observed polarization values relativistic Hartree-Fock-Slater wavefunctions 3

* ae mal i al trges tuded (Fi. (. At small - - - SCA with screened relativistic hydrogenic
are mal inall argts tudid (ig.21,3

velocities polarization values of considerable size are wavefunctions.

found for Cu and Zn. In contrast, for Co and Ni -. .-

J 1 1 ~ iconsiderably smaller polarization Values are observed

-~ which are attributed to an efficient doalignment after
the Collision caused by angular momentum coupling of the kM. .

Soli-stte ffecs i th metlli tagetsuse ar no
[, vacancy with the unfilled M 4 level in Co and Ni.

expected to be serious since the M s, atate is rather

* A well localized.
C For Cu and Zn the d0alignment is presumably small, and

900 60 900
E.IeVI the collisional-induced alignment has been derived from

*Fiol; Recorded L X-ray spectra for 212 key MN h esrd poaiain tkn corrections for

impact on solid Cu taken for two perpendicular deceleration of the pro~ectile in the target and -..

components of the linear polarization. coster-Kronig cascades into account (Fig. 3). The

SI results agree qualitatively with scaled data for heavy .-

20-C atoms as well as theoretical calculations. ji 4
P(IE 1 ( The work has been supported by the Minister fur

Wissenschaft und Forschung Land Nordrhein-Westfalen.
10-

"Co B.Cleff, Acts Physics Polonica A 61. 285 (1982).

0 . Jitschin, Nucl. Instrum. Moth. 232, 292 (12841.
3 
A. Jakob, D. Troutmann. F. R6se1. and G. Daur, Nucl '0

inatr. Moth. 232, 218 (1964) and Priv. comm.

002or 021 4A. Scholer and F. Sell. Z. Phys . A 286, 183 11978).

fjg.~~~~~j,~ Mesrd plrztoJfte I ieH its~hin. B. Wlsotzki, U. Werner. and M. 0. Lutz. J.

co'~rected for the polarization sensitivity of the Phys . E 11, 13? (1984).

spectrometer. V denotes the impact velocity in terms Wk. Jitschin. J. Phys. B 17, 4179 (1984).

of the classical 1.3 electron orbiting velocity. 1. R. Nolton. P. Welghtman. and P. T. Andrews, J. Phys.

Curves are guides for the eye. C. 16, 3607 (1)93)

owo - 77
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ALIGNMENT AND ORIENTATION OF H(2p) EXCITATION IN H
*
- AND H-RARE GAS COLLISIONS

R. Hippler, W. Harbich, M. Faust, H. Kleinpoppen, H. 0. Lutz

Fakultat fur Physik. Universitat Bielefeld. 4800 Bielefeld 1. FRG

In a previous investigation we have studied H(2p) collision in so far as. particularly at small impact .

excitation in H -He, Ar charge changing collisions at prameters. a pronounced H(2Po) excitation was observed.

incident energies of a few key. Using the polarized (11) The total polarization - '.

photon-scattered projectile coincidence technique P [(7 P /32 1 P 2/3)2 P 3 is close to unity

detailed information about the underlying mechanism for within the experimental uncertainty, in marked difference

these collision systems was obtained, We have now to H -He. where P averaged only 60-70 Z.

extended the method to higher incident energies and to

quasi-one electron systems, such as H-He. Results for . .Aic

the integrated (I.e. integrated over the scattering 0 3

angie. alignment for the H -He collision system show a
A.

pronounced incident energy dependence as displayed in - :.
Fig. 1. From these data some information about the t -- -

collision dynamics may be extracted. At low incident . Ci

energies H(2p) excitation may proceed via a two-step .

process in the transiently formed quasi-molecule. The . -0

first step couples the (H-He) ground state to the charge ' , 3 5 't#4-' .

exchange channel, followed, in a second step. by E. " " " " "

rotational (o-s) or radial coupling with higher-lying .',-. .-

molecular orbitals (MO). The small integral alignment

observed at low incident energies indicates that both

couplings contribute with about equal probability to the Figs.1 and 2: Integrated alignment A 
2 0 

versus incident t;
total H(2p) excitation. At large incident energies H(2p) energy for H -He and H-lie collisions, respectively.

excitation is the result of a one-step process. Fig.t: * present results. C teubner et al.

Coulomb-distorted wave (COW) calculations predict a large Fig.2: Present results for a H-He and A H -He

negative alignment A
2 0 

around 100 key incident energy, in collisions," "'."%5

qualitative agreement with the experimental data. " -7%

A different energy dependence of the integrated the above differences give evidence that different .
alignment A20 is observed for the quasi-one electron excitation mechanism may be responsible for H(2P)

system H-He (Fig. 2). Over the range Of incident excitation in H -He and H-He collisions. The strong

energies studied, the integrated alignment A
2 0 is almost increase of H(2P x excItation in N He collisions has

constant, and amounts to about -0.15. A similiar been attributed to a radial oo coupling operating at

behaviour was also observed for other collision systems, small impact parameters. Obviously. from the present

H-Ne and H-Ar. This negative alignment contrasts sharply data, such a coupling is of minor importance in H-He ---

to the alignment observed for H -He collisions, where at collisions.

the same incident energies A 20'0 was observed.

Pronounced differences between H-He and H -He

collisions were also observed for the differential R Hippler. M Faust R. Wolf. H Kleinpoppen,

alignment. Measuring the linear and circular H ) Lutz. Phys Bo A i in press I " "

polarizations of emitted light in coincidence with ( ube privat,. (ommuniratior, (OR94)

scattered projectiles, the alignment tensor components P 3 0 Toubner N t Kauppila N L Fite,

SA2 (0:0.1.2) and the orientation vector were obtained e I Girnuis Phy, R~v ap 17h Z I 970)

In comparison to the H -He collision system the following

differences were observed:

(1) In H-He collisions the relative population of t--S
HI p 1 is small 1 0.2) and, over the limited range of

impact parameters investigated so far, decreases with

decreasing impact parameter. This differs from the H He

• .... --.

, .- . . .
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THE COJPLING OF ELECTOI IC ANG6LAP O'1CENTUM TO THE MOLECULAR AXIS IN AN ATOM -ATOM COLLISION

SGrosser

:nstitut fur Atop - und tIolekulphysik, University of Hannover, Federal Republic of Germany

11re arc -ore atoo'-atom collisior experiments in- locking radius rj, at which the wave function ceases to

v(lve a oetailed control of the state of polarization of rotate with the axis. Angular momentum is transferred

tre product ur reactant atoms. They require for their between the nuclear and electronic degrees of freedom . -'-

lnterretaticr a hood understandirm of the interaction when the system passes through the locking region. For .-- "-'

etweer thr electronic arcular ,e":entur of the ators and a system with, for example

the "cieculdr axis, which is forrec by the atoms during - = C r- 3 , (2)

tie collision. For the comparatively sirple case of a SV- 3 2  V:1 2

Pcollision, the transition fro-, the atomic to the mo- the locking radius is

leclar :ntior has been completely analysed . The P wa- r, ' '" (3)

e functicr reains space fixed for atomic distances

lar-er tran a "lockino radius" r1 and rotates with the Simple expressions for the angular momentum balance are

ais at s-aller distarce The possiole uncouplino at obtained, when the wave function has a well defined re-

yen. s;-all distarce near the united ator li-it is not flexion symmetry, including spin, with respect to the W

¢crsidered here'. The transiticn betweer the two types xZ-(scatterino) plane. In a situation, in which the
2

cf _mtior is accompanied P, a transfer of angular momen- syste dissociates from a state J23,'2,J,= 3,2> or
tetween the electronic and ruclear derorees of free- , 1 2>, the expectation value of y increases

4 ~~or decreases byanmot

io-. ;ecent experiments have fully confirmed the then- an amount b4

retical predictions. 3 b (4)
2 2 r1

r'e theory has o been extended to the cases S
L_," Fic.! sows scne-atically, which types when the system goes through the locking region. b is

of -ticm are expected for different combinations of the the impact parameter,eq.4 holds to the first order in b.

atomic distance r and the relative velocity v of the The decoupling process at higher collision energy

atoms. The angular "omenta indicated in the various re- (v-vO) in fig.l can to a first approximation be descri-

cions are conserved. L, S, and ' are the electronic orbi- bed by neglecting the spin. A closer inspection shows

alspin, and total angular momentum. The z- and ;- co- that the spin orbit interaction causes a transfer of re- .,

ordinate axes are fixed in space and to the molecular flectin symmetry between the electronic orbital and

axis, respectively. The boundaries in fic.l correspond spin decrees of freedom. Model calculations for all --

to zones o
f 

radial or rotational couplin•. The theory in- transitions occuring in fig.1 will be presented. -

olves the following steps: 'I) an eigenfunction expan- 1) 3.Grosser, 3•Phys.814, 1449(1981)

sion of the total wave function in the fore 2) A.Bahring et al•,Z.Phys.A312, 293(1983)•

K F r) uu
-
r (1)

where r,) , and are polar coordinates describing the F'

relative -otion of the atoms, and K, M, and " are the

quantum numbers describing the absolute value and the z

and - corponents of the total electronic - nuclear

ancular -o'aertu; (2 the derivation of the coupled

equations for the radial functions F (r). (3) the -a '

approximate solution of the coupled equations and the

summation of eq.! over K, using semiclassical methods. ,

e theory allows a ricouros discussion of the conserva-

tion laws for parity and planar reflexion and a compari-

son with results obtained for stable molecules.

We discuss a collision 1S.2P as the simplest exam-

ple. The transition from to Jz conservation at low zase a) Hurls aqe

velocity is quite similar to the transition from L, to

L conservation in the case without spin. There exists a at.-c 'san-"

. . .. . . . . .. . . . . . . .
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DIAGONAL AND NONDIAGONAL ELEMENTS OF THE INTECRAL CROSS SECTION MATRIX FOP %

H(Is) + Ne,Ar - H(nl) COLLISIONS AT LOW ENERGY

S. Debus, J. Grosser, W. KrUger %

Institut fUr Atom- und MolekUiphysik, Universitt Hannover, Hannover, Federal Republic of Germany " -.

We report measurements of the quantities bers. Our data are compared to data obtained by time re-

'nlm/nlm 
= fnlm nl'm d. (1) solved H measurements . The last column has been used to

normalize our data, but the good agreement of the 3s re-

for the inelastic collision processes sults is conclusive. Our 2s and 2p results have the same

H(Is) * Ne,Ar - H(nl) + Ne,Ar order of magnitude as the results of Birely and McNeal
2

obtained above 1keV without cascade corrections,and they

for n=2 and t at collision energies from 40 to 1600eV. are within the limits, which we obtained earlier from an
3T'e fnlm are the inelastic scattering amplitudes, the evaluation of the L measurements alone

integral is over the scattering angles. The o with 1=1'

are the integral cross sections, the nondiagonal terms 2s 2p 3s 3p 3d 3d+O.123p

describe a coherent excitation of, for instance, s and p Our work 3.4 2.9 0.8 0.0 3.5 3.5 10-
17
cm

2

states ("s-p-coherence"). Practically, the matrix c is ref.1 0.8 3.5 10-
17
cm

2

the density matrix for the ensemble of excited atoms pro- Table Integral production cross sections, HAr, 300eV

duced in the collision.
The evaluation of the difference signals gives com-

The experimental method consists of the measurement p t l a lu
"

h2 - e 
"

paratively large values for the 2s/2p-coherence term.
of the light emitted from the excited atomrs, Other coherences have not yet been found. The coherence . .

H(3spd) H(2sp) HL terms are limited in their magnitude by the requirement

li(2sp( - H(ls) *L, nlm/nlm 'rr 0nlm/nlm t nl r/nl'm (4)

and of the variation of the light intensities under the The typical values found for Rec 2s/2p are not much below

influence of an external electric field. The L intensity,for the limit. The sign of n2s/12p carries a simple geometric in-
instance, is related to the cross section matrix as follows: formation about the wave Tunction produced in the colli-

I(L ) const Re Z 7nlm/nl'm anIm'nl'm (F) (2) sion. We can conclude for H-Ar at high energy that the
excited electron has its center of charge behind the

The sum is over all n 2, the n>2 terms are cascade proton, that is, it points back to the collision partner.

contributions. The -- do not depend upon the field strength, This behaviour is reversed at low collision energy.

the field dependence of the weighting factors a(F) can 1) B.VanZyl,H.Neurann,H.L.Pothwell Jr.,R.C.Amme,Phys.

be calculated numerically. Some of the functions a(F) are Rev.A2,716(1980)

shown in fig.l. It is assumed in eq.2 and in the figure 2) J.H.Birely,P.McNeal,Phys.Rev.5,257(1971(

that the quantization axis is the field direction. The 3 J.Grosser,W.KrigerZ.Phys.A32_,155(I985)

weighting factors have an important symmetry property un-
1 .0

der the reversion of the field direction,

anlm ni'm (-F) (_1)I* a (F) (3) . . . .Zn 4n r al'mnlm,'nl 'm - •

This allows to evaluate the data in two steps. The first a .-

one is the evaluation of the experimental values I(F) 4

[(-F), it yields essentially the cross sections. The se-

cond one is the evaluation of I(F)-i(-F ,civing nondiago- "

nal (coherence) terms.

We fit the data to the theoretical curves by a least

souares procedure,in general the fit covers both H and

L data. :ascade contributions from n 4 are not taken in-' ..'-'.

to account, but cascades from n-3 are fully taken care - _-----.. _Re a.

of. The table shows preliminary results for a combined .0

H /L -evaluation for H.Ar at 300eV collision energy. The -' \ C..

cross sections are summed over the magnetic quantur nur'- Fig.! Field dependence of L weinht inn factors

.. ... -- •. . . • ,., ,•. • .
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EXCITATION OF LOW-ENERGY H TO ns STATES IN COLLISIONS WITH RARE-GAS ATOMS

B. Van 7yi, M. W. Gealy, and P. S. Ormsby .* *

Department of Physics, University of Denver, Denver, Colorado 80208, USA

-3
Excitation cross sections of ground-state hydro- able agreement with the predictions of an n3 scaling

gen atoms (H) to the 2s, 3s, and 4s states in colli- law and exhibit a systematic departure from these

sions with rare-gas atoms are reported and compared. predictions for lower H-atom energies. This similar-

The H-atom energy range extended from 0.1 to 2.5 keV. ity in the ns-state-excitation cross sections for all

The cross sections for excitation to the long- rare-gas targets is in sharp contrast to the profound

lived 3s and 4s states were measured previously by differences among these targets for other n9-state-ex-

obsrving the increase in the Balmer-alpha and Balmer- citation processes.

beta emissions from 3s .
2
p and 4s -. 2p transitions as The H 4- Ne reaction provided an opportunity to

a function of distance along the H-beam axis into a examine ns-state excitations in considerable detail.

target cell containing low-density rare-gas atoms. While the reason is not understood, ns-state excita-

Tht, 2s-state-excitation cross sections were measured tions dominate over other ni-state excitations for

hs observin g the changes in Lyman- alpha (L.) emission this reaction. 3It is not that os-state excitations

when an electric field parallel to the H-beam axis was are here more probable than for other rare-gas atoms,

applied in the interaction region viewed by the photon but rather that other nt-state excitations are less

detector, probable.

The basic technique for generation of the H-atom The polarizations of the total L, emissions ob-

beam, a description of the absolutely-calibrated L, served when the electric field was applied were gener-

detector, and the cross sections for L. emission from ally smaller than those measured with no field.
2  

For

H + rare-gas-atom collisions are given elsewhere at some reactions, the polarizations were slightly nega-

this conference. 2 The electric field was applied by tive. However, the polarization of quench-induced La

two plates perpendicular to the H-beam axis having I from 2s-state decay is a function of electric-field

cm dia apertures through which the H atoms could pass, magnitude, and is near zero for a 700 V/cm field.

and centered about the La detector's optical axis.
3  

The polarization of quench-induced La was inves- '

Most measurements were made with an applied field of tigated as a function of electric-field magnitude by

700 V/cm. The polarizations of the Lo emission oh- observing La from H + Ne collisions for an H-atom en-

served in the presence of the applied field were also ergy of 0.4 keV. Here, about 67% of the total Lx ob-

measured. Both the L. signal and the polarization served when the electric field was applied resulted

were found to be independent of the field polarity, from 2s-state excitation. The theoretical dependence

The 2s-state-excitation cross sections could not of the quench-induced La polarization on the electric-

he simply obtained by subtraction of the L. emission field magnitude was verified for fields between about

cross sections measured with the field on and off. 200 and 2000 V/cm.

Indeed, the field-on cross sections were sometimes

smaller than the field-off cross sections. This re- References

suIts from the changes in the cascade population of I. B. Van Zyl, M. W. Gealy, H. Neumann, and R. C.

the n = 2 states from higher n states, which can he Amine, Proceedings of the Thirteenth International

quite large, when the field is applied. It was thus Conference on the Physics of Electronic and Atomic

necessary to undertake an analysis of these cascade Collisions (Berlin, 1983), p. 335.

effects to properly estimate the 2s- state-excitation 2. B. Van Zyl, M. W. Gealy, and H. Neumann, presented

cross sections. at this conference.

The cross sections ror these ns-state excitations 3. B. Van Zyl, M. W. Gealy, and H. Neumann, Phys.

exhibit a remarkable similarity for all rare-gas-stom Rev. A (to be published). t -_

targets. They are characterized by broad maxima at 4. D. H, Crandall, unpublished Ph.D. dissertation,

H-atom energies near 0.5 keV for 2s-state excitation, University of Nebraska (1970).

the maxima for 3s- and 4s-state excitation occurring

at slightly higher H-atom energies. The cross-section *Supported by the Aeronomy Program, Division of Atmo-

ratios for H-atom energies above I keV are in reason- spheric Sciences, NationSl Science Foundation.

.- . - -... . .-. ¢ .
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BRANCHING RATIOS FOR THE DIECAY OF n=1 HYDROGEN ATOMS '

IN AXIAL AND TRANSVERSE ELECTRIC FIELDS

N. Rouze, C. C. Havenzr,* W. B. Westerveld, and J. S. Rislev

Department of Physics 
- 7

North Carolina State University °Mv
Raleigh, North Carolina 27695-8202 USA -0 .- .

The l ranching ratios for the n=3 to n=2 Balmer-; density matrix including the off-diagonal elements.

decay of hydrogen atoms in axial and transverse electric Results for some of the density matrix elements , -

fields in the range 0 - 1000 V/cm have been calculated are shown in Fig. 1. For the off-diagonal s p.Pd,

using a density matrix formalism, to take into account and p.,d.1 density matrix elements, the branching ratios

the time evolution of the atomic states in the presence change sign for axial fields directed in the +z and -z *- -

of the electri field. The branching ratios are useful directions. For transverse fields, only the real and

when it is desired to measure the cross section for the imaginary parts of the s, d, off-diagonal density matrix

production of metastable 2s hydrogen atoms by applying element have non-zero branching ratios and the magnitude

an electric field to mix the 2s and 2p states, thereby of these ratios are one half the ratios for an axial

allowing the atoms to decay by emitting Lyman-a radi- field. Thus, if the values of the off-diagonal density

ation. To correct for cascade contributions from the matrix elements are not known, it is preferable to use

n=3 level, branching ratios for the n=3 to n=2 decay in transverse electric fields since the contribut ions to

an electric field are needed. An example of the use of the n=3 to n=2 branching ratio from these elements is

these branching ratios is provided in the study of H + less.

Ne collisions by Van Zyl, Gealy, and Neumann.
3  

This work was supported in part by the Atomic, . .

Branching ratios were calculated for each of the Molecular, and Plasma Physics Program of the NSF,

14 independent elements of the axially symmetric H(n=3) Grant No. PHY 82-08905. -. - . .-

density matrix. An interesting result is that the References

branching ratios depend on the off-diogonal density Present address: ORNI., Oak Ridge, Tennessee.

matrix elements which give the coherent excitation of 1. C. C. Havener, W. B. Westerveld, J. 5. Risley,

N. H. Tolk and .1. C. Tully, Phys. Rev. Lett. 48,
the hydrogen atoms in addition tc the diagonal density 926 (1982).

2. C. C. Havener, N. Rouze, W. B. Westervtld and 1. S.nultr ix elements which give the cross sections for2. isehs.Rvlet.5,19(98)anRisley, Phys. Rev. L.ett. 53, 1049 (1984), and. ..

producing individual excited states. This result submitted to Phys. Rev. A.

emphasizes the need to determine the complete n3 3. B. Van Zyl, M. W. Gealy, and H. Neumann, submittedepaiethnedtdeemnthcopeen3to Phys.' Rev. A. .- ""%
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CORRELATIONS AND STATISTICAL DISTRIBUTIONS IN THE SIMULTANEOUS V .

EXCITATION OF BOTH ATOMS IN He-He, H-H2 AND Ne-Ne COLLISIONS

L. Moorman, J. van Eck, H.C.M. Heideman and C. Nienhuis

Fysisch Laboratorium, Rijksuniversiteit Utrecht, Princetonplein 5,

3584 CC Utrecht, The Netherlands.

THE EXPERIMENT

We measured photon-photon angular distributions plane is a type of atomic-state correlation.

resulting from the simultaneous excitation of two We find that not every type of atomlc-state corre- * S -

,)lliding, helium atoms to the 2'1 state i.e.: lation leads to correlation in the angular distribu- . ,

tion. By using the assumption of quasi uncorrelated

* e He He (2 P) + H, (2 p) excitaion taking only into account note 4, we derive -

He( 1 ) +He(I + p, + P2 an inequality for mutually different diagonal elements

e.g. 3- £ a(k + A. Above I keV our experimental

where the fast projectile is Indicated by an arrow and results do not satisfy this inequality and therefore

the target atoms have thermal velocities. The angular indicate a real dynamical correlation between atomic

correlation between the emitted photons p1 and P2 , substates.

which are measured in coincidence provides information P JA

on the excitation of the different magnetic-substate STATISTICAL DISTRIBiTIONS

combinations of two simultaneously excited atoms. For We define a statistical distribution by the situ-

Instance it reflects the probabilities to find the sys- ation where all basis stateswith respect to which the

ten after the collision in the state IM1M2>, where one state of the system is expanded,have equal probabili--.'. .

atom is in the substate .]M> = 11MI> and the other in ties and no coherence. This leaves open the exact

the substate VM2>. The quantization axis is chosen choice of the basis set. We choose the magnetic sub-

along the bean axis. In our experiment apart from the states of the total orbital angular momentum (Lt) as a , -

usual symmetries we have the so called strong symmetry, base and require a "weighted -tatistical" assumption.

which means that an interchange of the two final sub- The strong symmetry lead- to the rule that no Lt  1

states leaves the excitation amplitudes the same if the state can be created. The distribution where all the

initial ground state is non-degenerate. Apart from a magnetic substates of the total angular m aenmem get b*..

normalization constant the density matrix C is deter- the sane weight, including the strong svmratzr , fits

mined by the relative partial cross sections: the low energy data.

a = N<OOIconf> = N<IOICIIO>

= N<I-l IGII-l> = N<lI IC III> OTHER SYSTEMS

and the coherence integral: I = N<1-IIGIOO>. We have also searched for double atom excitation

We measured them as a function of the kinetic energy in in other systems. In H + H2 no double excitation lead-

the energy range 0.5 to 3.5 keV. Ing to two coincident IV photons could he detected. In

case of Nt + Ne we measured two visible light photons

CORRELATIONS emitted in coincidence due to the decay of the (2p
5
3p)

If a complete experiment is performed every type to the (
2
p 3s) state. Search for simultaneous excita-

of atomic-state correlation leads to correlations in tion of two Ne(2p
5
3s) states, namely 3s'[11 , or3s[l];

the polarization of the two simultaneously emitted pho- with mean lifetimes of 1.8 ns and 28 ns, respec-

tons. However, notice the following: tively were without succes. We will compare this with

I) We do not detect the direction of the relative final TOF measurements of Brenot et al.
1 

and Gerber et al.
2 ,

velocity. This leads to an additional axial symmetry who measured emitted electrons of (Atomic or Molecular)

around the beam axis. Autolonizing states (AAI, MAI) or intermediate Negative

2) We measure angular correlations in stead of polar- Ions (NI). lip

ization correlations, so we cannot measure all inde-

pendent parameters which exist. References

31) The density matrix is necessarily anisotropic. This 
1
J.C. Brenot, D. Dhicq, J.P. Gauvacq, .. Pommier, V.

is a direct consequence of the strong symmetry. Sidis, M. Barat, and E. Pollack, Phys. Rev. A 11, 1245

4) The two atoms get excited with respect to one and (1975).

the same collision plane (not fixed in our experi- 
2
G. Gerber, R. Morgenstern, and A. Niehaus, J. Phys.

ment). The mirror symmetry with respect to this B 6, 493 (1973).
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MULTIPLE IONIZATION OF Me, Ar, Kr, AND I BY RELATIVISTIC URANIUM IONS
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Mu1tiple ionization cross sections 3, q) for

* -.- eV',a . 'ions incident on ,e, Ar, Kr, in 0q"

tlir'eft sz w .n'e metS:s't u it the L-wrene.-rn wv -

,A!A'. t V V'A. , 'nc 'Ji ' w ?Sam w oni-ite:
--na m-spot size f U-m7Ar

:iu,:<" A -in w'~n 4"tee two soltillaturs is. 0.2 " , :

vrA:ntC Zt-nin
. In, irwet -*np-h7br definEA tnt patn o f --

. icie nd therefore the tatet ,"

rg "a" gn W's target area bcald sw

,'',ote' by 'channel plate) and an0 -
....leotro . t~ t.r : et ounted opposite to"

e ac t"ner. perpen ioilar to the b,-am zireotio. The

sac-target pressure was varied between 7 x I' and 6 x 4
*-torr. .ne recoil-ion charge state q, which is toe

: egree of iultiple ionization, was letermied by 0.02 "

ress ;ring' the q-iepen dent time-of-flight cf the

extra.: : re. ions :oetwen thneir c.reation in to. 0.01 )1

tarst reg ion an.: tne;, arrival at the channel plate. 5 QI[- , -

Adtitionallv, a roil-icn-eleotron coincidence was

requirec: for a "t-r" oultiple ionization process. This

Itiple crincidence suppressed, background originating

from toe high flux of 6-electrons and x rays produced Fige t- 1..

by the relativistic heavy ions.
rr> :n ,. r';tr vnert ninti . .,. n to>. r'f .g

F:Kure shows ratios between measured Ar charge- or ,i~inr/ a:-t,'sit. t-. ?.>, .:'t-i:nt.

seotlons using 425-MeV/amu and I5.5-
t

eV/amu .:ciS- ,:'ii:" iti::." •tiot, : 1'. h'- .ast r sf
As expected from simple binary-encouinter %

" eories, the cross sections should fall off .

e v is tne ion velocity (shown by the

."' line in Fig.7). The strong enhancement of c(q=l)
--r in the i25-MeV/amu data is probably due to

, ntribution of target single ionization by

--etron and x rays created by the projectiles. These

,ot' n ave not been corrected for these additional non.-

* separa)ble coincidences.
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PICOAMPERE CURRENTS OF HIGHLY IONIZED SLOW RECOIL IONs PRODUCED BY 70 MEV BR' IMPACT.*

C. Stoller, L.Lembo, K.Danzmann* and W.E.Meyerhof

Physics Department, Stanford University, Stanford CA 94305

*Physikalisch-Teehnische Bundesanstalt, 1000 Berlin 10

Energetic heavy ions impinging on solid or gaseous ions. The recoiling ions are accelerated by a system of

targets can produce slow, highly ionized recoil ions. parallel grids, focused by an electrostatic lens and

First evidence of this effect was seen in line shifts of deflected by a 1801 magnet similar to the one used by

x-rays following a heavy ion collision'. In 1979, Cocke2 Mann et al'. The recoil ion current is measured in a

reported the direct observation of' hIghly charged Ne Faraday cup.

recoil ions produced by the impact of 1 MeV/amu Fig. 2 shows a typical distribution of the differ-

,F'and Cl'" ions or. a Ne gas target. The ent charge states emerging from the target obtained by
slow recoil ions can be extracted from the target with varying the magnetic field in the magnet. The total

eloctric fields anl oecause of their small initial ki- accelerating voltage is approximately 500 V (including

netic energy ( < 10 eV ) the resulting beam can have a the potential difference between the nozzle and the

very small energy spread. Such beams are very useful if first accelerating grid). We have measured currents of

precision studies of transitions in the highly charged up to 1 pA of Ne"' and up to 600 pA of Ne" with an

ions are to be lone. incident beam of less than 100 particle-nA of Br.
We would like to report here first results obtained In view of the above results, we are now starting

with our source of slow recoil ions. The experimental to investigate possibilities of doing optical spectros-

set up is shown in fig. 1. The apparatus is placed at copy on H- and He-like Ne by measuring the spectrum ..

the high energy end of the Stanford FN Van-de-Graaff after the Nel" or Ne" ion has captured an electron in

accelerator, i.e at a place where the different charge a Na vapor target a the exit of the 180* magnet.

states emerging from the accelerator are not yet com-

pletely separated. We used a Br beam as the 'hammer'

for producing the Ne recoil ions. The Br beam is focused T .3

on the Ne gas jet with a magnetic quadrupole doublet I

which only focuses well for one charge state. We found -,O 2
Br" at an energy of 70 MeV to be the optimum beam,

siinificant fractions of both the 63 MeV Br" and the -.

77 MeV Br'"* beam also hit the target.

SAPAAY .... ICC

0 4

M~AGN.E
T

5RIM2R ApEAM MAGNET CURRENT

REP ELER FIGURE 2 Ne recoil Ion current (charge) versus mag-

netic field. Note changes of scale.

FIGIURE I Apparatus to extract the slow recoil ions References:
from the gas target and to determine the resulting #
charge state fractions. The Br is directed out of the Supported by NSF (Grant PHY 83-13676) and ONR
plane of the paper. (Grant No 0014-78-C-0403).

Four centi'eters upstream fro, the target the incident I. see e.g. M.D.Brown, J.R.MacDonald, P.Richard,

oeaIS are stripped to an average charge of' 18' before J.R.Mowat, and I.A.Seliin, Phys. Rev. A9, 1470
(1974).

impinglIng on the target gas. This poststrpping signifi- 2. C.L. Cocke, Phys. Rev. A20, 749 (1979) LILL

3. R.Mann, C.L.Cocke, A.S.Schlachter, M.Prior, and
cantly enhances the production of highly charged recoil R.Marrus, Phys. Rev. Lett. 49, 1329 (1982).
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PRODUCTION OF MULTIPLY CHARGED IONS FROM MOLECULAR TARGETS IN HEAVY ION IMPACT

H.Tawara T.Tonuma, S.H.Be, b.Shibata, H.Kuagai, M.Kase, T.Kambara and I.Kohno*

# Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan .
* Institute of Physical and Chemical Research (RIKEN), Wako-shi 351-01, Japan

+ 2+
Recently a number of the investigations on doubly- charged molecular ions (N, and N have been

mechanism for production of multiply-charged recoil ions observed but no molecular ions with higher charge. Even

in energetic, heavy ion impact have been reported. We in ion impact, no trace of triply-charge molecular ions

have already reported some results on total ionization (N2  ) corresponding to M/e=9.33 is seen in Fig.l. This

cross sections by heavy ion impact including He
2
+ C, may imply that the life times of these multiply-charged , A

8+ 1+ 14+
0, Ne

I 0 + 
and Ar ions and partial ionization cross molecular ions are too short that these ions are nut

4+ 14+1sections by Ar -Ar impact at 1.05 MeV/amu. detected even though these ions are produced in

Following these works on atomic targets, we extend collisions.

our measurements to molecular targets. In the present From this discussion, we can infer that the

work is used an apparatus similar to that described multiply-charge atomic ions, for example N
6+ 

Lhe highest '

previously. Typical charge spectra of recoil ions from charge state observed in the preisent work, are produced . . *--

molecular N2 targets in 1.05 MeV/amu Ar
4+ 

and Ar
12+ 

ion via the following dissociation procesiesS of

impact are shown in Fig.l. In these spectra, we can see multiply-charged molecular ions:

a number of peaks corresponding to multiply-charged N2 ll+ N6+ + N
5 +

nitrogen ions including a weak trace of N ions, as N 2

1  
+ N

6+  
or

well as a dominant peak of N2+ ions which are produced N 2 13+ N
6
+ + N

7+  .

in soft collisions. It is clearly seen from these Of course there should be other possibilities for

spectra that the production of multiply-charged atomic productions of these multiply-charged atomic ions sS
recoil ions such as N4+, N

5
+ and N

6
+ ions are well. To understand the whole mechanisms for production

sigificantly enhanced with increasing the projectile of these multiply-charged atomic ions from molecula"

charge q. Unfortunately it is impossible to identify targets, it would be necessary to measure the energy and

the naked N ions as N2 gas is used in this charge distributions and pessihlv the angular L. -I
experiment, though a small amount of N

7 + 
ions might be distributions of two dissociated ions in coincidence, In

produced in the present collisions, addition to measurements of total productions cross
It is interesting to compare these data with those sections of these ions and theoretical investigati on

in electron impact. However, very few measurements of the level schemes and their life tics of

12+ 14+the cross sections for production of multiply-charged multiply-charged molecular ions such as N2 N2

ions from molecular targets by electron impact have been ions.

reported. NJ+ ions are the highest charge state References

3directly observed in electron impact. Though no direct 1. S.H.Be et al., to he published

comparison can be made as the collision velocities in 2. T.lonuma et al ., . Phv. 17, I.117 (1984)

both projectiles are not the same, it is found that 3. N.R.Dalv and h.L. Vow, , IProc. Phv!;. Sec. 89, 271

production ratio N2+ IN2  ions are apparently similar in (1966)

both collisions. However, the production of atomic -

ions, particularly multiply-charged ions, is

significantly enhanced in Ar ion impact. Mechanism-

responsible in production of multiply-charged atomic

l)ns from molecular targets could be different from

those in single atom targets. By comparing the ,
-17 fy

collision time (10 a) with the dissociation time of

molecular ions (10 - 10 s), the multiply-charged i ."

6+atomic ions (for example N
6 + ) 

are thuh to he "''''c

through a process of production of multiply-charged

N12+ '""""

molecular ions (for example N2 ) followed by '

dissociation into two atomic ions with fairly symmetric - .
6+ 6+charge (N + N

+
) In electron Impact, only Singly- and

nor. .,

k%
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OTI)RAG OF 4iEAVY-I)N ;ENEHATED MULTIPLY-CHARGED RECOIL IONS IN A RADIO-FREQUENCY QUADRUPOLE ION TRAP

j.S. j, R.T. Snort, S.D. Berry. S.B. Elston, M. Breinig. R. DeSerio, I.A. Sellin, and B. Thomas* ............ .

University of Tennessee and Oak Ridge National Laboratory

D.A. Church, H.M. Holzscheiter, and R.A. Kenefick
Texas A&M University

'L t~py-,?r, Og reoil Ions, produced by impact Texas A&M CEMR, and Oak Ridge Associated Universities

,"-i 'e:- l. . avini mean charge state near and by the U.S. Department of Energy, under contract " " j
2 

-

t.n wit-, targ." 4.i;, wet-. storel In a radio-frequency no. DE-ACO5-8'OR21400 with Martin Marietta Energy Systems,

JA a Jrup-, i, tr p. The radio-frequency quadrupole Inc.

ion tr" 4.1-; mo,.ntel in front of tne Penning ion trap References

tn e NNL EN Tindom uhv beam line LI]. The heavy [1] D.A. Church. R. A. Kenefick. W.S. Burns, C.S. 0,

iorn.a pliael Lhrl.igh aiperatures in the trap ring R. Holmes. S. Huldt, S.D. Berry, M. Breinig, S.B. Elston,
e'ct-.et) ion.z- tt targe! gas atoms near the equatorial J.-P. Rozet, I.A. Sellin, D. Taylor and B. Thomas,

plane 'f the :on trip. .he trap was operated at a Phys. Rev. Lett. 51, 1636 (1983).

trapping NF agj:,ir f-' 2ency of il -
2

n x 8.4 MHz with [2j M.H. Prior, R. Marrus, and C.R. Vane, Phys. Rev. A28, _

pea;o implit' de aiiistable to over one thousand volts. 141 (1983).

An axiil motion reacnanc- method was used to detect

'he ions. After a chosen time delay, the DC voltage *Permanent address: Carleton College, Northfleld, MN. %

*applie2l to the -ing electrole Was swept to Successively

bring tne ion dxiil oscillLtion angular frequencies

itDo resonance with the detection frequency zo - 2r
x 2d2 iz• Both neon ani methane were used as targetX~~~ ..Z .o .n methane

gases. Neon ions Neq f2 S 8) and C" 12 , . -

were observed. For lower charged states the ions of

* mass 22 and 20 neon isotopes were well resolved. The

charge state of the stored ions was also identified

through harmonic radial motion resonance removal by %

exciting the parametric resonance. Different combinations -.

of trap operating voltiges, both R" and DC. were used

to produce a mean potential well depth varying from

as low as I eV up to about 100 eV depending on the

charge state of the ions. Stability conditions were

investigated and found to be in agreement with theoretical

prediction. Storage times of the stored ions were

limited by charge exchange with the background gas

atoms. Storage times of over one second were realized

for Ne'' and C" ions in target gas partial pressures

over 3 and 6 x 70" Torr, respectively. Experimental

loss time constants for decay of the stored neon ion

number were measured at several partial pressures of

the neon target gas. The charge exchange rate constants

. so obtained were in good agreement with earlier measur-

" ements in other types of ion traps ["1,2]

These data indicate that RF traps will be useful

* for both collision and spectroscopy experiments on

multiply-charged ions at low energies. The advantages

of this trap type arise particularly when low ion energies,

the absence of a magnetic confining field, and a simplified

introduction of external beams Into the relatively

small ton confinement region are desired.

Research supported by the National Science Foundation;

................................- .
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ELECTRON STRIPPING CROSS SECTION FROM HULTI-CHARGE IONS BY H AND He r..-.-

S.Karashima, T.Watanabe, and Y.Liu
+  '-....-

, Depa tment of Electrical Engineering,Facultv of Engineering,Science University of Tokyo,Sinjuku-ku,Tokyo l62Japan
+ The Institute of Physical and Chemical Research ( RIKEN ), Wako-shi, Saitama-ken 351 Japan
+ Chaina University of Science and Technology, Hefei, Anhui Province, Chaina--..'--

° % "1 %

Electron stripping cross sections for energetic high- (V) = (v,w) f(w) dw, (4) '-'-'

ly charged C, Ne, and Ar ions passing through atomic hy-

drogen and helium target are calculated using the method where f(w) denotes a momentum distribution function de-

of the binary encounter approximation (BEA). It is found termined in eq.(2). On the other hand, n ( v,w) for

that the stripping cross section can be obtained by the projectile ion is derived from the Vriens theory.3),.

plane-wave born approximation" as well as BEA in the We have carried out integration in eq.(4) taking the

.as, o binding energy which corresponds to each electronic states

Li 
2  

+ H- Li + e + H( ) in shell-structure such as K-, L-, or M-shell. In the

We treat the electron loss process of multi-charged ion calculation for f(w) in eq.(2), we have used three values

A (atomic number Z in the collision with a neutral of the K, L, and M shells, i.e. f K(w), f I(w), fM (w). The

atom B (atomic number Z 2) descri ption for these functions f(w) is made such that

q +  
B 

(q + ) )+  
B( the integration over E to a certain E(p) and over p from

0 to Co in eq.(2) equals the number of electrons, i.e. 2
where B( X ) means all possible electron states of B.

q+ (q, = Z1- 2) and I (otherwise) for the K-shell electrons. ". "".

In the process of electron stripping from A , the inter- The an d resutherwise) for h electrons
action of electron in A

q + 
with nucleus B is usually screen- TlH

are shown in the figure. The comparison with experi-
ed by the surrounding electrons. In the present paper, q.

mental data for C is also made.
we confine ourselves to the case where this effect can be

ignored, i.e. Z2 <( q. For the time being, we treat

Z = 1,2andqt 3 Z 1. T.Watanabe, J.Phys. B18(1985) in press.
2 n 2  2. L.Vriens, Case Studies in Atomic Collision Physics I,
The process(l) is characterized by the large magni- ed., E.W.McDaniel and M.R.C.McDowell ( North-Holland,

tude of momentum, transferred to the electrons in the ion Amsterdam 1
9 6

7)p..
3 3 5

q. 3. L.Vriens, Proc. Phys. Soc. 90,935(1967).
q. by collision with the neutral atom B. Such collision

with large momentum trasfer can well be approxinted by _ _-_____.-___5._-."_'-_

the clas~ial description supporting the use of BEA. An

electron in A is assumed to be ejected into the conti-

nuum if the energy trasferred to the electron exceeds its L1"Dd1° .- /. .1
binding energy E i.4

The momentum distribution f(p)dp for an electron 0 q='

having momentum between p and p + dp and the probabil ity

pIr.p)dp for finding an electron in this momentum range at ", ..

a distance r from the projectile nucleus in a potential
q=4

V(r) are both obtained by the Thomas-Fermi(TF) model:

ECPI2 dr
f(p)dp rp(dp n(r)r (pE)-(pE)dE (2)

dp 10 10

and
2 for < (3)a " 'lr(pldp = 3 p

2 
dp/ pmax o = , (3)

where r(p,E) is determined with relation ( pm2 )0 C + HV r)

- E and n(r)= (8 X /3h 
3

)p3max (r) is the number of elec- O.EXPERIMENTAL VALUE

tron per unit volume at r. The value of the maximum

momentum pmax is given through the TF equation. I)

When we define ionination crosE sect ion (vw) 0 5 
9

in the laboratory frame lor the collision between a nucleus E keV/amu)
with a velocity w, the cross section (3n,'v) for electron

s t r i p p i n g f r o m A 
q  

b y c o l l i s i o n w i t h t h e t a r g e t n u c l eo n . .. . .. 
" c. .e-i. ,

is defined as

4 . ... - ... .-

j.. . . .

N %,2
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HIGH RESOLUTION MEASUREMENT OF KB AND Ka X RAYS FROM 33 MeV Ar IONS IN SOLID TARGETS , *€

T. Kambara, Y. Awaya, M. Kase, H. Shibata and H. Kumagai t

The Institute of Physical and Chemical Research (RIKEN), Hirosawa, Wako, Saitama 351-01, Japan o',

We have been measuring K X rays from Ar ions passing in Fig. 1(c), is similar to the Z2 dependence of the
study target atomic number (Z2) dependence of multiple This may be explained as a result of the increase in

inner-shell ionization process. We have reported that electron capture cross section to M-shell according to

the L-shell ionization probability of the Ar ions (PL)

at the time of the Ki transition and the hypersatellite

to satellite intensity ratio of the Ku X rays depend on * (a). A

Z2  systematically.
1  2) 0/., - -

In tne present report, we present the result of f /

measurement of the relative intensity of the K X rays I '

to the K:a X rays as a function of Z2. We have found 0.' - -

that the ratio has a dependence similar to that of A>- -

PL. This implies that the electronic transition from

the outer shell is affected by the ionization in the

L-shell. *(b)

The experimental set up is the same as that reported . ..

previously;
1' 2) the energy of the incident Ar ions from 0 • , ,

the RIKEN heavy-ion linac is about 33 MeV and the X rays o \ 0/ ,.

are measured by a broad range crystal spectrometer. The . o

target species are Be, C, Mg, Al, Ca, Ti, Cr, V, Fe, Co, -

Ni. Cu, Zn, Y, Nb, Tb, Ta, and Au. In order to assign
0.4

the L-shell hole numbers for the K. satellite peaks, the
result of energy calibration using fluorescent L-X rays .C )

of In and Sn is compared with the estimated values of o

K. transition energies. ..2 "
The L-shell ionization probability at the time of --

K, transition is deduced from the intensity distribution 0.1 8

of the K, satellites, as reported previously,
l 

2) and

it shows oscillatory dependence on Z2  w ith the first 0.0  .. . .0 4 ,0 ,C 70 ,o ,.

minimum at Z2=22 and the second one at Z2=45. 
This Z' 

..o.. ..

dependence is shown in Fig. l(a), where the ionization Fig. 1. The target atomic number Z2 dependence
of (a) probability of L-shell holes at the K.tX-rayprobability is denoted by PL(Ku). This fact is described emission, (b) probability of L-shell holes at the

as a result of level matching between the L-shell of Ar K3X-ray emission and (c) intensity ratio between Ar .-

ion and the L and M shell of target atoms.
2
) The ioniza- K6 X rays and Ki X rays.

tion probability at the time of K.: transition, PL(KS ),

estimated from the average energy of the K satellites tthe level matching and increase in the transition -"-
is shown in Fig. 1(b). It has the same dependence as

probability of the KS transitions for ions with more
L-shell holes if the number of electrons in the M-shell

is not clear at large Z2 's. The first minimum of PL is -e-n r- .• ~is independent of the number of [-electrons. " "

seen in both K, and K. transitions but the second one is

not clear for K.: one. Referencec
Th- intensity ratio among the K, satellites, K, 1. Y. Awaya, T. Kambara, M. Kase, H. Kumagai,

J. Urakawa, H. Shibata, T. Matsuo, J. Takahashi and
hypersatellites, and K . satellites is strongly dependent M. Namiki: Abstract of XIII ICPEAC (Berlin, 1983),

on the target species. rhe Z2 dependence of the intensity P. 470.
ratio between K, satellites and the K, hypersatellites 2) Y. Awaya, T. Kambara, M. Kase, H. Shibata,

H. Kumagai, K. Fujima, J. Urakawa, T. Matsuno and

has been discussed previously. J. Takahashi: to be published in Nucl. Instr.

the intensity ratio between the KS and Ka X rays, shown Methods.

. ~ ~ . . . . - . . - .. , . -.
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HIGH RESOLUTION MEA"'REMENT OF Cu K X RAYS FROM COLLISION SYSTEMS OF

Cu ocNS ON C TARGET AND C IONS ON Cu TARGET

Y. Awaya, T. Kambara, M. Kase, H. Kumagai, H. Shibata, T. Mizogawa, and K. Shima*

The Institute of Physical and Chemical Research (RIKEN), Hirosawa, Wako, Saitama 351-01, Japan
* Tandem Accelerator Center, University of Tsukuba, Ibaraki 305, Japan T

In order to study the difference in ionized states This means that if a Cu ion loses its electrons

between target atoms and projectile ions, we have successively from low to high binding energies, the

measured the K X rays from the Cu ions passing through ion does not bear L vacancies when it collides with a -

C foil and that from Cu target atoms excited by C ions target C atom. Therefore, the configurations of L .6t

under the condition that the relative velocity between and K shells are considered to be nearly the same for ,. -,

the target atoms and the projectiles is same. the projectile Cu ion and the target Cu atom. On the

The 0.83-MeV/amu Cu
4+ 

and C
2+ 

ions were accele- other hand, the effective charges felt by a projectile

rated by the RIKEN heavy-ion linac and momentum analyzed. Cu ion from a target C atom and that felt by a target

Targets used were 80 .g/cm
2 

carbon foil for Cu ions Cu atom from a projectile C ion is deemed to be 6+

and 0.22 mg/cm
2 

Cu foil for C ions. The Cu K X rays when a K electron of Cu ion/atom is ionized. The

were measured by using a broad range X-ray crystal difference between the spectra of Cu K X rays from -

spectrometer
l) 

with a crystal of LIF(220) (2d= the projectile Cu ions and that of the target Cu atoms

2.848 A). reflects mainly the density effect in collision

An estimated value of the average charge of system.
2)

incident Cu ions is 17.3+ and Cu ions are considered The Cu K X-ray spectra obtained from Cu ions and

to reach a charge equilibrium state after they the Cu target are shown in Fig. 1 in comparison with

traverse the carbon target of a few g/cm
2
. the fluorescent Cu X rays. KL

n 
denotes the initial

state vacancy configuration with single K and n-

multiple L holes. Figure 1 shows that a Cu ion has

about two more L vacancies than a target Cu atom does

I. Cu X-rays when they emit K X rays. This is because a Cu ion

collides successively with target C atoms whereas a

target Cu atom interacts once with a projectile C * ;.., "" - -V
ion during the K vacancy exists. When a projectile . *

0.83 MoV/I," %
cu on-c loses one K-electron and multiple L-electrons in a

collision with a small impact parameter, then it can L

collide with other target atoms with larger impact

parameters and captures or loses outer shell electrons

before K X rays are emitted.

% Further measurements of Cu K X rays from both the ." '
0 :projectile Cu ions and the target Cu atom excited by

o500- 0.83 MeV/ am""

c-Ion-cu carbon at the different collision energies will be ."

-". reported and discussions will be made about the col-

______________ , lision process or the state of the Cu projectile and

the atom.

2000, .. '81 t.bo References
1) A. Hitachi, H. Kuria(ai, and Y. Awaya Nucl. nstr-"

Methods 195, 631 (1982)

0_2) K. Shima, T. Ishihara, and T. Mikumo: Nucl. Instr.
. 6.0 6. A Methods 200, 605 (19R2-

Ene.gy (k.v)

Fig. 1. Spectra of Cu K X rays from projectile
Cu ions passing through C foil and from target Cu
foil induced by C-ion bombardment. Fluorescent Cu
X rays are also shown for comparison. The incident
energy of Cu ions and C ions is 0.83 MeV/amu.

., " -.
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14PACT PARAMETER DEPENDENCE OF MULTIPLE IONIZATION IN 15 NeV F ON Ne COLLISIONS

S. Kelbch C. L. Cocke S. Hagmann * H. Schmidt-Bdcking , and R. Schuch * .- ." "

Or, leave from: Instituit F. Kernpbyalk. University of Frankfurt, D6000. Frankfurt/FRG '' -b-.-.J. R. Macdonald Laboratory. Kansas State University. Manhattan. Kansas 66506, USA

Z On la... from: I'hvsikal. Institut, University of Heidelberg, 69 Heidelberg, FRG

In f-st hea., ion atom collisions multiple plane. The detection of the projectiles was

....... ...........i .in or i tiri hrth targ .t and performed with a position-sena itive channel plate

;Jto ii.. [ ut to".11- l, omtinat. n t, (tact or detector with a bow-tie-shaped aperture. To measure

io . 5!, t t . t i,,s. Thse p, . - .i's . at, he the extremely small scattering angles involved in 4'.

s..ta. i .to o .I . oIt i
p
l, ioizati"n (NI) such collisions (5-10

- 5 
- ta

3 
rd) a very tight

-n., , tpr .. p, o i .I I. IIt tn lo., collimation of the beam was necessary resulting in a

.ot"i i,.d ,v MI (Cl oI I. repetivel ) collimation length of 7m before the target, a beam .2

I h-o-rt zal t, t resr I - t thos. man-body problems spot diameter of below 0.2mm and a flight path of the

ir if.. ,-ot 1% .. in e more and more experiments of the projectiles of 7m downstream of the target region. "

o.. i .. ,, tot . iross se.t ions . recoil ions hv In qualitative agreement with the statistical

=t iut. I ir ' bo~n performed and hare shown model a shift of the maximum in the recoil ion

th I,,i , , -iioe. tartiv.t ions are. created with production probability P q (0 towards larger projec-

%erI., r iy cr uss s t io ns Already from thesie total
tle scattering angles with increasing recoil ion

-.1 s ,;, t 1,, gx,.i nt tr n influ-n-' of the'- "- "."-
charge state q was observed (Fig. I. However, at

dtiflo.t ti..it [ir.t.tr..r depe.dencies of pure 1t,. lsrg e (small impact parameters), deviations from

1 a . 1 hi, b,.ien dt i e d eC e g . re. 2this model are observed since the Pq( do not

1), t a il I It s ovf t(liet I eot re t i ca 1 to n, opt scurretn t I v d-c iese rapidly to zero as would be predicted by the
3

,railah - as iF". the statistical model can be
stat istical model.

mad, only liv comparison of impact parameter This work was supported bv the U. S. Department

der--rdel, s rather than cross sections. Therefore, of Energy, Division of Chemical Sciences, and the

ur. have measured the scattering angle (or impact Bundesministerium fir Forschung und Technologie.

par.mter) dependence of the multiple ionization

probability P 0) as iell as P C () and P LI(51 RA'""'"""RFrFRFXCFS ' ..['[• .•

in ollisiions of 15 MeV F with Ne and Ar. 1. TI. Gtay. C. L. Cocks, E. Justlniano. Phys.

The multiplv-charged recoil ions were Rev. A2. 849 (1980).

2. S. Kelhch. H. Schmidt-Bcking. J. Ullrich, R.
* harge-stat.. analyzed) hr a time-of-flight technique Schuch. E. Jutiniano, H. Ingwersen. C. L.

and measured in coincidence with the magnetiically Coke, Z. Phvs. A3 17, 9 (1984). a

charge-state-analvzed projectiles scattered hv an 3. M.NtGuir., L. Wearer. Phys. Rev. A16. 41

angle 0 perpendicular to the magnetic deflection

is.....................

Prsbo'btkts fo'r 15M., .- N;.
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0
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electron capture for 15 MeV F -6 Ne. : ":
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MULTIPLE-ELECTRON PROCESSES IN H* + (He,Ne) COLLISIONS AT 300 keV -

Richard L. Becker

Physics Division, Oak Ridge National Laboratory*, Oak Ridge, TN 37831 HSA

A:-.-,''' .

Pauli exchange terms (PET's) play an important role d 2- e

in the Hartree-Fock Independent-Fermi-particle model i- r ,'

(IFPM) of atomic structure, but are usually neglected in

ion-atom collisions. We have developed the IFPM formula- They have suggested that the cross sections differential "

tion of collision theory over the past few years.' It in E6 could give information on the impact-parameter de-

was applied first to close collisions: (a) K-vacancy pendence of the transition prohahilities, and proposed"

production in coincidence with charge transfer,
2 
in which that ejection at energy E comes predominantly from

the PET's strongly correct the single-particle-model h = Fvp/(I+E 6 ), where I is the ionization potential.

(SPM),
1 -3 

leading to a cross section close to that of the We have calculated the impact-parameter dependent

single-electron-transition (SET) model,', 3 
and (h) KmLY IFPM probabilities for all of the above processes. The

multiple-vacancy distributions for K satellites (m = 1) PET terms are important for all transitions involving

and hypersatellites (m = 2), where the sum of PET's is charge transfer. Integration over b gives good agreement

small because of a tendency toward random phases in the with measured ar0,, o and the cross section for non--

transition amplitudes
s 

so that the distributions are de- weighted vacancy production, o + 010. In neon our K -

termined by the mean L-shell vacancy per electron, p(m). satelIite value, 0.100, is close to the experimental
L T l

more recently we have applied the IFPM to more distant 0.105.
9 

The impact-parameter dependence suggests that

collisions, corresponding to coincidence measurements electrons of high energy C5 correspond to values of '-

(summarized in Ref. 6) of the final projectile and target lnt oo

charges, in which target K-shell vacancies are not detec- two or more. Calculations fir argon are in progress.

Sted. The calculations were done with the coupled-

* channels method in the single-center-expansion approxi- References

mation (see Ref. 2) or with our "one-and-a-haTf center" *Research sponsored by the U.S. Department .f Energy,

expansion (OHCE).
7  

The cross sections will be denoted
6  

Division of Basic Energy Sciences under Contract No.

by a - where q and q' are the initial and final ionic DE-ACOS-840R21400 wit, Martin Marietta Energy Systems,
qq v Inc.

." charges of the projectile and v is the final number of
vacancies in the target. We also define cross sections IR. L. Recker, ,. F. Reading, and A. L. Ford, IEEE Trans.

Nucl. Sci. NS-2R, 1092 (i9RI)- R. L. Becker, A. L. Ford, .-. -
for inclusive electron ejection, and J. F. Reading, Phys. Rev. A20, 3111 (1984).

e= v a e = ne e-e- ae- + e- 
2
R. L. Recker, A. L. Ford, and J. F. Reading, J. Phys.

o -' 010 ( v 1)o1  - l 010, B13, 4059 (lqqn).

N R. L. Becker, A. L. Ford, and J. F. Reading, Proc. Rth
sinqle-electron capture, ai a ! 

010v and non-capture Conf. Applic. of Accelerators in Research and Industry, N.-..
l Nucl. Instrum. and Meth. (May, 1985), to be puhlished. . ,

N R. L. Becker, A. I.. Ford, and J. F. Reading, Proc. 2nd '0,
("direct") ionization, all = o l v (N = 2 for He and Intern. Seminar on High Energy Ion-ktom Collisins, ed.

v.o vby G. Hock and D. Rprinyi (Akadm
4
iai Kiad6, Rudapest,

8 for Ne). IQ5RI), to be published.

Hippler et al.8 have measured the energy and angle . . Becker, A. I.. Ford. and 1. F, Reading, NucI.

of an ejected energetic ("S") electron in H
+ 
+ (He,Ne,Ar) Instrum. and Meth. 84, 271 (19R4).

* at 300 keV together with the final charge v of the re- 6. ] D'hois, Phys. Rev. Lett. A2, 348 IqP4).

coiling target, obtaining values of
71. F, Reading, A. L. Ford, and R. I.. Rcker, J. Phys.

d2 ae d2 v d2Olov 414, 1qO, I1qRl).

Sv6 + (v-dT d l 8
R. Hippler, . Possler. and H. 1. .tt,, ,. Phys. A__,

"453 .- "4).

for v 2 and 3(Ne) relative to v 1. Additional un- 9,7. O. Christensen an.) Fnn Folknano, Intern. Symp. ,

published work in which q' instead of v is measured gives Produc. and Phys. of Highly Charged ,ons 'Stoc~'nlm, "'

the ratio of ejection plus transfer to total ejection, 19A2), contrih. papers, p. 55.

- • , , -- • . i . .z . . ., -
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GENERATION OF CONTINUUM PSEUDOSTATES FOR COUPLED-STATES CALCULATIONS OF ION-ATOM COLLISIONS

A. L. Ford and J. F. Reading

Physics Department, Texas A&M University, College Station, Texas 77843 USA

Jiagonalization of the target atom hamiltonian improvement in cross section accuracy obtained at low

4T in a finite square-integrable basis gives a dis- collision velocities when diagonalization of higher

crete set of eigenfinctions that represent the lowest powers of HT is used.

TTfew target bound states and provide a discrete represen- Diagonalization of powers of HT has also been

tation of tie ionization continuum. We have previously implemented for Hartree-Fock target potentials and

shown that K-snell ionization probabilities and cross applied to coupled-states calculations of ion-atom colli-

sections for ion-atom collisions can be calculated sion ionization cross sections at low collision ener-

acc.rately by asing this discrete set of pseudostates in gies. Such calculations are used to test current models

coupled-states cdal4lationS, at collision velocities of Coulomb deflection, target recoil, and increased bind-

near the K-shell orbital velocity.; These calculations ing; inaccuracies in the widely used Brandt model are

ased the independent particle model model and either a indicated.

"ydrogenic 'for one-electron systems) or a Hartree-Fock Finally, diagonalization of powers (H T-E) has

target atom potential. We have recently used similar been used as part of a new method for solving the

two-electron continuum pseudostates to calculate excita- electron-ion scattering problem, for the purpose of

tion and single ionization cross sections in correlated separating two-electron continuum pseudostates into

two-electron collision systems. 2 Such calculations are single and double ionization components. Results of .aL..

in excellent agreement with both experiment and Born application of this method to ps-He and e-+He collisions

calculations of Bell and Kingston done using explicitly at high collision velocities will be given.

correlated wavefunctions for high energy p+He This work was supported by the NSF under grant

collisions. PHY-8407263 and by the Texas A&M CEMR.

At lower collision velocities we have found that

Pseudostates generated by diagonalization of HT are References

inadequate. At iow collision velocities the transition

matrix elements depend critically on the slope of the 1. A. L. Ford, E. Fitchard, and J. F. Reading, Dhys.
Rev. A 16, 133 (1g77); A. L. Ford, J. F. Reading,

wave functions near the target nucleus, and in the and R. L. Becker, Phys. Rev. A 23, 510 (1981); J.

diagonalization of HT this region of coordinate F. Reading, A. L. Ford, and R. L. Becker, J. Phys.
B 14, 1995 (1981).

space receives insufficient weight. The problem is 
z4x19 --

solved by diagonalizing powers of HT. For a hydro- 2. J. F. Reading, A. L. Ford, J. S. Smith, and R. L.

genic target potential we compare our continuum pseudo- Becker, in Electronic and Atomic Collisions, edited
by 3. Eichler, I. V. Hertel, and N. Stolterfoht

states from diagonalization of various powers of HT (Elsevier, Amsterdam, 1984), p. 201; A. L. Ford and
to exact continuum Coulomb wave functions, and show the J. F. Reading. Proceedings of the 8th Conf. on the

Application of Accelerators in Research and -.
improvement obtained at small distances due to diagonal- Industry, 1984, to be published.

ization of higher powers of HT' Comparison between

cross sections from the exact hydrogenic PWBA and our 3. J. F. Reading, A. L. Ford, J. S. Smith, J.
Alexander, and R. L. Becker, Nucl. Instr. Meth. B4,

Born calculations with pseudostates shows the dramatic 266 (1984).

'lip
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THEORY OF EQU:ILIBRIUMl CHARGE-STATE DISTRIKYTIIJNS

T. Aberg*, A. Blomberg* and 0. Goscinski+

*Helilnki Universitv of Technology, SF-02150 Espoo, Finland
+Department of Quantum Chemistry, Uppsala University, Box 518

75120 Uppsala, Sweden

The cir iation of the charge distribution of ions X Xi (.)f. 2

e' rait i rg throujgh gases is usually described by v

A tm 1master equiat ions icol cing cross-sections where f( Xi_) is some function of X i_. In terms of

.,IIrtceant charge-changing processes. Since Y =lnx. Eq. (2) becomes

1 n theise quantities for many-electron

ur, thnis approach does not allow for 2.y. Inf(e )+ In r 3

i r:.t i 1' t he -quilibriamn distribution P(q)

1 1 inri informat ion-t heoret icalI arguments 2 Replacing the collision index i bcv a continuous time-

a 1o i a aIsIs P(q) has been shown to cariable t Eq (3) takes the Langecin form

7 lesc r i ed bc either a distribution normal

i2 the lognormal distribut ion) or the gamma- I-- nf(e") + F(t) + m (4)
dt

;iot r cit t ion i q+_', the x--distribut ion also used
4

hai4iet -Rohlitmet et a) . The former corresponds wherc- F(t)I is white nioise, and m is the acerage of

_ie with hieacs projectiles and targets in which In . The corresponding st at ionar-. F.k ke r-Pl anc k

t" tS mol.1:1t I j 1 eIec t r on capture and loss ire sc ilion for .5 is

[i*(x) = (l/x)exp. ox,

l" r I be*,ter understand ing oif the or ig in and

i 1t1nst t hes- d ist r ibut , s- i t is necessarv where is the carianc e )f ill . kit ho.t -rrmit

t n' I d(e r t e unde nr 1 g m icroscopic processes f( x )= P I x) i s rec c,%ered, t he lignorm.,i i ,ri !tci t it :

-r( in deti i I than TirecionusIyv. The bas ic assumpt i n is ,tiined fir f(x)n IA i.wees t(xl =v

ti : 7 a1 ,nrmi I listr ibuiion is that the randomrr %ields thle iamma dlist riitn. Ti.5; te ', I lr!a

t:iiie X ri eac h single process obeys been, reduc ed c.. th tcctermmi ion t t I e rfnIt I 'n

t mnit isIl itn f lX) q (2 iron si:.glc -d -scl: ims

the prohali 'itl Nx x r .1 ihdri-tit- triosili

'eea. the cariables have the same prohabi 1itc Io ~It , ~ l i

l~iit~on P 1 I Ihe res mi t i n .i scp t iti i- i'x 
5

-

.s iut ionr is. howecer. rt stati yar% since the vari,iiii Ilaii y s* I t.0A
exper i sent,.

b( -_meo 1 t1 . i 11t .

Retf e rencet-s

Lt : * ~ s ~ il-n r i -s- oit. ti-it fr il n noi :,1 aSe

*:~ i-rion- . '.) -I S inI ps's I. .. P. Bet.' * kc. V. -'

r, x_- s h.t st(,n'st I pr-es,

I ~~~~~b I= s ri s 1~- i 1' "ri ; r s . ' - - , .

X=.+.5' y rc

c-m lit :. le i den '.n 1 Sl inr I I x I-

.o pr c s e is t" .nr 11f I t .'

-rrvi~i. deedn .n X .-q



M135 q57

ANOMALIES IN THE FINAL-CHARGE-STATE DEPENDENCE OF FOIL-EXCITED,
FAST HEAVY RYDBERG ATOMS*

W. Koenig,** A. Faibts,
e * 

E. P. Kanter, D. Maor,t I. Pleaser,*
J. Sokolov,' B. J. Zabransky,*

5 
and Z. Vager*

** Physics Division, Argonne National Lab., Argonne, IL 60439

t Dept. of Physics, Technion, Haifa, Israel 32000
* Physics Department, Weizman Institute of Science, Rehovot, Israel .*..-..-*

Studies of foil-excited fast (MeV/amu) heavy ions of core electrons indicating the importance of shell \
have demonstrated large yields of high-n Rydberg atoms effects. Possible explanation of these effects (e.g.

formed in such beams. In an effort to better excitation mechanism into Rydberg states following \.

understand these results, we have measured the yields cascade processes or core-charge changing e'-emission

of Rydberg atoms (n - 100-200) in foil-excited 32S and of the foil-excited ions) will be discussed.
28

St beams at incident energies of 3.9 MeV/amu (S, Si)

and 3 MeV/amu (Si). Target-thickness (2 Wg/cm
2
-140 AN.-P-17.?9-

ug/cm
2
) as well as both final and incident charge-state 3L|L A

(9+-16+ for 
3 2

S, 7+-14+ for Si) dependences were S3 ON CARBON

measured. The Rydberg atoms were field-ionized in a

longitudinal electric (stripper) field and the detached 20"

electrons were detected in coincidence with the

remaining charge-state-analyzed ionic cores. The C -

stripping field was preceded by another longitudinal + +-- -

(cut-off) field and a transverse (clean-up) field. - -

This arrangement permitted definition of independent 5 5

lower and upper limits for the range of main quantum 
"  

'
numbers (n) for the detected Rydberg atoms. 1 12 13 14 15 16

CORE CHARGE STATE -

The experiments show that the production proba-

bility "f foil-excited Rydberg atoms depend strongly on

the mean core charge within the target which varies as
FIGURE I Production probability P of foil excited

a function of the Incident charge state (for thin Rydberg atoms (n - 100-200) as a function of the final

targets) and target thickness (for non-equilibrium charge state of the ion core. The incident beam was

states). The dependences on the target 3.9 MeV/amu 32S13+ on carbon targets with thicknesses *" "•
incident charge of lO0 lg/cm

2 
(o) and 2 vg/cm

2 
(+). The full line

thickness and on the final charge state -in particular shows a fit to the data points assuming P qfinat with
m _ _o.8 *r 0.2 (100 Pg/cm

2 ) 
and m - 1.4 * 0.3

for thick targets- are less pronounced (see FIGURE ( .2( h a nd mo-c1.4 ted .3r.th
(2 og/cm

2
). The data are not corrected for the..-

1). These features show the importance of bulk dependence of the ionization thresholds on the final
charge state. The corrected m-values are +0.7

processes over surface effects. (100 Ag/cm
2
) and 2.9 (2ug/cm

2
) respectively.

Beside the above mentioned general trends, certain

charge states exhibit a rather anomalous behaviour. Work supported by the U. S. DOE, Office of Basic

For 32S the production probability for qfinal - 14+ Sciences under Contract W-31-109-ENG-3.

increases much more rapidly with target thickness than

the q-averaged probability. It does not show any

saturation even at 100 ,g/cm
2 

where it is nearly a

factor 2 above the mean probability (see FIGURE I). On

the other hand for the thinnest targets the Rydberg

production probability for qfin 1 - 13 + is

significantly lower (- factor 2) than for the

neighboring final charge states. This effect vanishes

completely for thicker targets (see FIGURE 1). Both

anomalies are independent of the incident charge state

(9
+ 

or 13+). For,
2
BSi a similar behavior (although

less pronounced) appears for ions with the same number

.~~~~,- ..-.........
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X-RAY PRODUCTION WITH ATOMIC AND MOLECULAR BEAMS IN THIN FOILS

E. Morenzoni, P. Fumagalli, G. Bonani, W. Wufli

Institut fur Mittelenergiephysik, ETH-Zurich, CH-8093 Zurich-Honggerberg, Switzerland

X-ray production by atomic beam bombardment has thickness. The projectile energx ringed t ri m I I

been studied intensively over a wide range of projectile II MeV. With the target thi(kness th, maximum int- " .e

energies and for various projectile-target combinat ions, ionic distance reached by the molec ul, fr,gs.rit s ii-

whereas there have been few investigations with molecu- side the foil could be iontrolled. We present rsult- . -'

lar beamsl-2. When a fast (Mel') molecule penetrates of X-ray production ,ross sec t iois for atomi, jul n ,,-

a thin foil, the valenie electrons are immediately lecular beams at the same velocity and a ,ompa ts,,n Il

stripped and the molecule breaks up (Coulomb explo- these results with different theoret i I predui t t iris.

sion) . Due to the Coulomb repulsion the molecule for inner-shell ionizat in.

fragments begin to depart from each other, but for

sufficiently small times after the molecule entrance

in the target they remain spatially and temporally -

correlated. The vicinity of the molecule ions has .. .

been found to manifest itself in several ion-atom

interaction processes. For instance the electron loss

per atom is generally larger for molecules than for

atoms having the same velocity . This implies that the

clustered ions behave at small internuclear distance

with .n effective charge number larger than that of

the atomic ions. Since inner-shell ionization depends

quadratically on the projectile nuclear charge (Z

and electron capture on the fifth power ,,f 7 on"

expects the target X-ray production to be enhanced References

by the passage of projectiles in the form of closely 1. F.K. Chen et al., Phys. Rev. A15, 2227 (1977)

correlated clusters. On the other hand the larger 2. A. Lurio et al., Phys. Rev. Al7, 90 (1978)

energy loss per atom exer ien(ed by clustered projec- 3. D.S. Gemmel, 'hysics of Electronic and Atimic

tiles should reduce the X-ray vields. The penet rat in Coil I isimns p. 841, 5. Datz ed., North-lol land I 942

of clustered prolectiles in thin foils influences more 4. W. Brandt et al., Plvs. Rev. Lelt . 2-1, 132$ ( ,974)

sensitively the ionization of electrons, whose orbital 5. V.S. Nikolaev, Sinc. Phys. (ETP 24, 847 (1067)

radius r is at least otf the order of magnitude of the f6. G. Basbas, R.t. Rit( hie, Phys. Rev. A2, 1943 (1982)

mean interatomic distance R in the exploding molecule.

Also the time At=R/v (v: projectile veloc it%) which

is the time difference between the passage of two

molecule fragments should he comparable to or smaller

than the orbit time T=1/,

lit order to study the role played by ditferent"

cluster effects, we measured the low energy X-ray;

produced in collisions of C, C2 , C3 projectiles

impinging on thin A,, and Au targets of different

°" ~.. . C .

..............-

.............

... ... _ .. ~~.. .......... . . .... ..... ... ..... ,••..... .- - .. : ,
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A NEWJ VARIATIONAL TREATMENT OF DIRECT EXCITATION OF ,.*..,.

ATOMS BY BARE NUCLEI AT INTERMEDIATE VELOCITIES

B. BrendI6 and R. Gayet %

Laboratoire des Collisions Atomiques (ER 260 du CNRS)
Universit,6 de Bordeaux 1, 33405 Talence. France

The well known Schwinger variational amplitude .

between states a and 3of a system . i . i .

T3 V i ( ). < j V 1

1); <j V - V G~ V i >

is used in the impact parameter formalism for the exci- -
z

cation of hydrogenlike ions by bare nuclei at interme-

diate velocities .The target propagator is evaluated on

the target ei genfure-r ion basis set hereafter limited to "

0i f
Is .. 5K. As a check of the method, differential andH

total cross sections for excitation of the n =2 level W

of H atoms by 11 impact is calculated and compared with
Z

experimental data' and previous theoretical results of -12

Bransden and oble (BN) and Shakeshaft (S). Our results

(referred todas BC) are obtained by limiting the interme-
diate states i and j to the target states Is, 2s, 2po, -1 Os Q31.

*
2
p. The first (BI)and second (B311) Born approximations

are obtained as by-products of our calculations. The SCATTERING ANGLE ()0 RADIAN) IN THE

variational procedure makes T,,, converges very fast on CENTRE 01' MASS FRAME

Sand j. A reasonable convergence is found on the basis FIGU'RE 2 -Sam legend as figure I but the laboratory

used to evaluate the propagator. 1+ e,00~ 1-11n =

.. . . . . .. .

51 Our results agree well with previous data, which

z gives confidence in further applications to direct exci-

ration collisions.

E(keV) 8I Bli BIN3  
S BG Experiment2

U50 14.97 )9.08 11.92 8.67 9.20 10.53 t 0.64 P
105 10.14 11.23 9.32 8.4 8.54 8.88 ±0.29

Total cross sections (10-17 cm
2
) for excitation of

H1 (n 2) by H* at two laboratory impact energies E

H References
0 12 1 . B. Brendl6 and R. Gayet. to be published B. Brendle,

o h'~,se de e cycle, (Universit6 de Bordeaux 1,194

unpublished).

SCATTERING ANGLE (10 -3RADIAN) IN THE 2. J.T. Park in 'Advances in Atomic and Molecular

CENTRE OF MASS FRAME Physics", ed. by D.R. Bates and B. Bedersen. Z
(Ac. Press, N. Yo, 1983) p. 83-8 ;references to data

FICI1R I -Excitation of H (n 2) by 50 keV H+ cited here can be found therein.
impact 3. 8.14. Bransden. D.P. Dewangan and C.J. Noble, 3. Phys. .-

2j _B 12, 3563 (1979).
Experiment~ Theory :BG

BIT
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DIRECT EXCITATION OF -.00 M.eV -Fe !4Y BARl I I tlF ni ARs(
FVIDENCE FOR FINITE LIMITS OF CROSS SF TlknNS, n7Hf 1

B. Rrendl. and R. Ca %iet

Laboratoire des ColIlisions Atoreiqnnes (ER 260 (!u U:NS) * -

Universit6 de Bordeaux 1, 1340 lalene, France

The variational method of Brendld and Gavet, deri-

ved in the im..pact parameter formalism , is applied to

the excitation 4f hydrogenlike inns by hare nuclei. Tfht

long-range projectile-target Coulomb interaction whicli------

does not contribute to the transition is ,mitted. linus _

the true perturbing 
potential 

is 

2
R R R

where R is the internuclear distance and N the distance

between the electron and the target nucleus. Z. a nd 7. _____________________

p1 10 100 1000
Are respectively tht, projectile and target charges. The

.implitude of transition from the state a to the state i1-7 l IAL

-is FIRIE 2 - same legend as ficnn;re I nnt n=

T '-~V i (D )i V i'experirsnt Ior n.; i

- V V poaeneer ppr:-.ieationis al in d. icsitilation i,
i7 ip-act prmtrapo.iaini h

J1T i1 lustratd hv the collision

here, i and j are eigenfunctions of the ninpertuirhed target2+
Fe (is) + 7. Fe (Is. rip)

niamiltonian, including x and .-. In the straight line

given impact~ ~ ~~~~ c ta iIn Jepi te t" va-o ats fn1.rn-n

:itnnact parameter formalism, it is easil,; seen that, for aurnntldt we re ohtaie,j tor n:X It,

and j V L are exactly 1 7. lWhill -latrix eleMents s'-oBt;r.'-.Scanise n-f the snall r. itice Ve',, itv
+ ir e xci tat con of F, hite2o-i c. rs s+

~ .V i >are exactly A Z2, These scalinc laws arc

not iceable cimputational advantages Of Our tihod. It te-!

_2 "IVasi-cr tihai -v ati isel n Inv t, t;i nine le"rturns out that when Z is large enough, I s '--..

Then T admits a finite limit when 7.Z .A 2rul

differential and total direct excitation cross sectints h-l~n ~e cnikv hti tls a r-,nd i ihaire'I v --

tend to be constant, as functions of 7p when Z. _ hs , Srttn nd 2ev is :'S , rip fi o r t h,--

important conc lusi on holds as long as the straight l ine -ntti-0. io o:o nnh ~ n .i.IcSi---

-1prr IiV 1 0inn i cns~ i. he-nh reni ,1. i , rs l-

-2i hri-i- th 1- t 4

1e - t010e t, ifi .Se it- i1- r,, c it inscr

rn4, V n-rnln', 1 , s, no n I Pi M In.

PROJECTILE CHARGE /
P. i-. nrr \nn nnI.an

FIGURE I - Excitation cronss section of tfhe sufileveis in
24+s St uph.. t..... .nnnI in. lninij, d

of Fe for n = antIn = 0, 1

- ;=
2
p :Experiment 2 - Theorv presetnt resul1ts

- first Born approximnatiin---

- 2s Present theoretical results- --

q3 '

. . .
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THEORY OF THE EXCITATION OF HIGHLY-STRIPPED PROJECTILE IONS . -.-.

U. Thumm, J.S. Briggs and 0. Sch511er ". -. -

Fakltit fir Physik, University of Freiburg, W. Germany

Tile standard non-relativistic first Born theory' of Here k, is the momentum space off-shell Coulomb wave-

projectile excitation in collision with a neutral tar- function in the projectile field. The Born result is re-

get atom considers the separate influence of target nuc- covered by replacing this wavefunction by (K+). The

leus and target electrons upon the projectile electron expression (I) has been evaluated approximately and some

to be excited. Normally tie electron-electron exchange preliminary results for helium-like ions are Lhown in

* interaction and tile nucleus-nu-leu interaction are neg- fig. I.

. lected. This approximation and tho- assumption that the

" target atom remains ,mdi,,turbd in zeroth-order approxi-

mation limits tile validit; )r tie tirst Born approxima- 0

tion to collision speeds v rcatr than the orbital

speeds of the electrons involved. Roughly speaking, this

requires 1u.,t the ratios ;,,'v, Zv botlh be small, where .

Z are tile efect:i .. u... lar c harges feIt by tile

e le -trons tak in g pa rt in the co llision . Fo r light targe ts -- -- •---

and loosel.,-ound proiectile electrons this condition is ' / /x
nt dii:icult to achieve. nowever, increasingl, projec- X A-• / "'- '"W-C 4

Lile-electron excitation is observed under conditions 'wvo re / V is not snail for non-relativistic velocities " 
-  

,"- 
F 7 ""'.

and so for tnese ,ises tile existing first Born formula- .... . ........ ........• =- .0' .. 0 ....... S] S 2  '
tio is never valid. When Zp ZT, i.e. one is concerned ,

with excitation of inner-shell electrons on highly- I ",- .

stripped projectile ions in collision with light neutral

targets, then a consideration of tile effect of the target :

,t on the projectile electron to first order is valid :4'

but it is not valid to assume that the target atom is un- R

disturbed by the projectile Coulomb field. Rather the 7 .

target atom will be strongly polarised by tile projectile
6

l ield. At large distances the distortion is a direct po-

larisation effect which can be represented by virtual ex-

cited states oi the target itself. By contrast at short ' .

distances, "exchange" polarisation is more important,

where tile target electron occupies virtual states of the I0

projectile. In tile limit Z z T tile latter effect is 0 5 10 n 5 20 25

more important. A strong poteltial expansion of tile 4-bo- _,_"_"

dy (two colliding one-electron ions) Coulomb collision FIGURE I Total cross-sections for (Is
2
)S-.(ls2p)

1
P ex-

problem has been made in which the distortion of the tar- citation of helium-like projectile in colli-

get electron to all orders in tile projectile potential sion with helium

occurs but projectile excitation occurs by a single in- x experiment from ref. 3 (F 
7+ )

_ -

teraction with target nucleus or electron. Tile main re- experiment from ref. 2 (Fe2
4
+)

sult is that tile transition matrix element for simulta-

neous excitation of the projectile and target from ini- Reference

tial states i to final states f is given by I .I.S. Briggs and K. Taulbjerg in "Topics in Current
Physics Vol. 5 Ed. I.A. Sellin (Springer: Berlin)

- *., 19761, p. IO5

f-(22) f di dk q i ( (K+k+R ) 2. A. Chetioui and K. Wohrer (private communication)
.T /T d 3. M. Terasawa, T.J. Gray, S. Hagmann, J. Hall and

. -v) (Kvk)-Z (K+v J. Newcomb Phys. Rev. A27 2868 (1983)

- * . .. - ".-.-~ . - . " " -- .
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HYDROGEN EXCITATION IN ENERGETIC STRIPPED-ION HYDROGEN ATOM COLLISIONS

A. Salup 
* 

nd J. Eichler

* Varian Associates, 611 Hansen Way, Palo Alto, Califcrnia 94306 USA

** Hahn-Meitner Institut fur Kernforschunq, Berlin 39, West Germany

Excitation of atomic hydrogen by collisions with. probabilities P(b) for C
6  

+ 1 cclliens at pro3ectile'

energetic fully-stripped ions is being studied using a volocities of 3 a.u. (E =2.7 Mev) and 25 a.u. (Ep=188 Mev).

method incorporating both a sudden (modified first At the high velocity, the collisiinal perturbation to the,. -

Magnus) approximation 2 and a first order Born approx- system is still small enough for the IPBA to be a fair

imation. 3 An impact parameter approach is used in approximation even at low-b values, and the two sets of

which a proiectile is assumed to follow a classical calculations are in fairly close agreement up to b-2.5 a.u.

rctili- ar trajectory. At the smaller impact param- For the low velocity case, it is clear that the non-

eters fr which the effective projectile-target electron unitary IPBA results are anomalously large for the close

interaction is strong but of brief duration, the Born collisions, wero..s ne SUA is a good approximation in this

ai.roach is invalid and the sudden approximation is ri. A.... At the larger impact parameters, tie SUA breaks

eri'loyed to calculate the relevant transition amplitudes Tabh 1

and excitation probabilities. At the larger impact Is-- excitation probabilities for C + H collisions.

parameters for which the collisional interaction becomes
v =3 a.u. v =25 a.u.

weak and extended in time, the sudden approximation

breaks down and the Born theory becomes appropriate for b(a.u.) IPBA SUA IPBA SUA "
these calculations... .. ... .. .. .. .. .. .. .. ..

eecalculations. 0.0 1.21 3.49)-3) 1.79(-2) 1.57(-2) - ..
The amplitude in the sudden approximation (SUA) 0. 9.41(-I) 4.16(-3) 1.40(-2) 1.25(-2)

corresponding to the transition from the is ground 1.G 5.19(-i) 8.05(-3) 7.71(-3) 7.07(-3)

2.0 9.14(-2) 2.00(-2) 1.37(-3) 1.40(-3) - - -
state to an n-m excited state during a given trajectory 3.0 1.10(-2) 2.58(-2) 1.67(-4) 2.48(-4)

corresponding to an impact parameter b is given by 4.- .- 3) 2.43(-?) 1.66(-5) 6.53(-5)
5. o,.V (-q) i.1C(-2) 1.45)-F) Q.62(-5)

down, and the IPBA becomes the valid theory. The total

alb ls -rnm) =<n-mlexp -n VWOt) 1> (11) excitation cross section at each energy is estimated by

integrating over a composite excitation probability curve

P(b) obtained by smoothly merging the low-b SUA and high-b

where V(t) is the time-dependent Coulomb interaction IPBA excitation probabilities. Total is--2s and Is--3s ex-

between the projectile and the target electron. By itation cross i'ct iie!; obtalind for + H coli Lions ov~r

following a procedure similar to that detailed in Refs. a range of prcectil, vel- itit, usilV th- nosbi'ed SUA-IPBA

I and 2, one can derive ., c'osec form expression for the approach Ar( ) restnted ii F;. I .

transition amplitude as a finite sum over complex "

F hypergeometric functions. The corresponding impact

parameter Born approximation (IPBA) transition amplitudes ) - i

are obtained by appropriately scaling the analytic ex- S

i essions for N + N collisions derived by van den Bos

and de Heer. 3."."

For fast H + B collisions (for example, a projec-, " -

tile velocity of 25 a.u.), the integrated interaction is .. -

weak enough for the IPBA to be adequate even at the .- .

smallest parameters. This is therefore a ca where the

SUA computations can be checked directly against reliable

IPBA values, and indeed, the excitation probabilities I'll . .i ix %-1'1 r

obtained with the two approximations are in precise S iki, a , ,. , Int, r-

agreement over an extended range of impact parameters. . a! ] A wre work wa' Perfored.
I r, Pv . 1vv. Al,, 150 (1177).

The situation is quite different however in the 2. A. El and C. Lichler, ,.Phyc;. 1I3, 257 (1970).

regime of heavier projectiles and lower velocities. Ill . . vay ' n ItP- and F.?. dr-, 11-r, Ph1,-a I7, 1 (1 47)

Table 1 are listed both SUA and IPBA Is-2s excitation
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,EXPEI!N
T
AL ZT DEPENDANCE OF Is 

2p3p EXCITATION CROSS SECTIONS OF TWO ELECTRONS IRON IONS
COLLIDING WITH TARGET ATOMS

K. Wohrer , J.P. Rozet, A. Chetiuui and C. Stephan

Institut Curie and Universite Pierre ec Marie Curie, )i, rue Pierre et Marie Curie
** 75231 Paris Cedex 05 - France

Insticut de Physique Nucldire, B.P. n' , 91405 Orsay - France . ", N

Excitation mechanism in ion-atom collisions is known most asymmetric system even though the collision rela-

to be well described by the fi -t Burn approximation when tive velocity is rather low (V/VIs - 0.6). When increa-

the pertubation induced by thb <xciting partner is small sing the asymmetry of the collision deviations to the

(high collision velocity or very asymmetric system). The Born results are more and more pronounced .

energy dependance of excitation cross sections has been . An effect of saturation at high ZT is clearly

widely studied in the past, especially fur the most sim- exhibited by the experiment in agreement with the theo-

pie cases p - H, He. By contrast, very few has been done retical prediction of the variational method. A similar

concerning the incoming charge state dependance. Devia- behaviour has also been observed in the cas of excita-

tions to the Z2 law predicted by first order treatments tion into Is3p states. -a- -

have been observed in the case of ionization (I) but no

systematic study has been performed.

In experiments reported here, projectile excitation

of 400 MeV Fe
2
4- ions impinging on target atoms has been

measured. By only changing the target (here the exciting

partner), the dependance of the cross section on the in- /

coming charge state can be studied in a simple manner and

for a fixed collision velocity. Beams of Fe
24  

ions have Z

been obtained at the CEVIL in Orsay. The target is an

effusive gaseous jet with a known profile operating under .,

ninle colliqion condition. Heliumlike n - 2, 3P - IS "

transitions following excitation into 2p and 3p states are

detected by a SifLi) detector (resolution of about 180

eV at 6 keV). Branching ratios nP - Is/nP - all are

known ((2) and (3)) so that population cross sections of Figure I - xperimental and theoretical IX2 Ig2p exci-

these excited states can be determined corresponding tation cross sections for 400 eV Fe24+ zT. See text

values are reported, for the case of n - 2, in the fi- for the explanation of the symbols.

gure I (open circles). Direct excitation cross sections

are extracted after subtraction of the cascade contri- References

bution and of a double process contribution (target io- I. Berkner et al. J. Phys. B II (1978) 875.

nization accompanied by capture from the target) both 2. Lin et al. Phys. Rev. A 15 (1977) 154.

evaluated as indicated in (4). 3. J.P. Desclaux, private communication (1984).

Uncorrected (open circles) and corrected values 4. K. Wohrer. Thesis, Paris (1984).

(full circles) are shown in figure I in connection with 5. J. Reading, private communication (1982).

various theoretical predictions : first Born approxima- 6. Brendle and Gayet, submitted to Phys. Rev. Lett.

tion (-.. large basis set of target centred coupled 1985).

state calculations (.') (5) and a new analytical method

based on the Schwinger variational method (- ) (6).

In the calculations, the exciting partner is a bare ion

but the charge transfer channel is not considered so that

*' comparison with the experiment (tranfer channel is also

closed in that case since target atoms are carrying elec-

trons) makes sense.

When looking at the results, two essential features

are worth to mention

The first Born approximation is valid for the

","... " .

,~~~~~~~~~~~~~~~~~.. ,. .,... .-........ . -.-. -.....-.. ,...-.'....-... . -.. - -S. S... .. ,- .. _.-. -
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AUTOIONISATION OF N (Is 31n1l,; FORMED) BY TW0-ELECTRON CAPTURE

IN N 5+(is 2+H 2 COLLISION, AT 3.4 keV/amu.

A. Cleizes *P. Benoit-Cattin*, A. Bordenave-Montesquieu ,S. Dousson and 1). Hitz*

CENG, AGRIPPA-CEA-CSRS, 85X, 38041 Grtenoble Cgdex, France
*Centre de Physique Atomique, CA-CNRS n* 770, Lniversit6 Paul Sabatier

118 route de Narbonne, 31062 Toulouse C~dex, France.
aCentre d&Etudes Nuclgaires, Grenoble, France.

The electron spectrum shown in the figure results 4 1

from two-electron capture b 
5
+ 2s ion into S ii

N (is 3in'l) autoionising states, which decay bv elec- ~I
tron emission into is 

2
1l-l' continua. Capture processes lS, 2 NI lfh+F

with the metastable ions N Is S) cannot contribute S1 keV f
0
b10

* to this spectrum since the corresponding reactions are

very exothermic ;in this case Li-like ls21n1l' autojoni- jot

sing states are mainly excited, by one-electron capture.

*The Be-like configurations formed by charge exchange in IL3i~iis 11

N~(is'+H2 collisions have also been observed, using

translational energy spectroscopy . in F he svstem.

W lith nitrogen such states cannot be seen using an helium 20 3 0 s 0 70 H M-.)

target since this capture process becomes endothermic 20 310 IE-.1. wk i I I
even with hydrogen target, only capture into n'-3 terms30 - itthJIlv

is observable With high intensity, electron transfer into

* n' 3 configurations being a much less probable endother-

mic reaction.

lo be sure that our identification is correct, the

electron energy has been estimared using an effective

*nucieus charge Z=5 for the two excited electrons the

U-3Z~, 3s 21energy has then been taken in ref. 3 it re-

* suits an electron energy equal to 28.8 or 18.8 eV depen-

ding whether autoionisation occurs into Is 2s I or

Is 22p -l continua respectively. These values, together

with the seislimits are in good agreement with our

e lectron spectrum.

below 2U eV structures were observed which might be

* due to two-electron capture into Isi2pnl, n45 but possi-

Die spurious electron background makes this identifica-

tiun ambig.z)us ;more experimental work is necessary.

It is worth emphasizing that theoretical work will

be very useful to identify the numerous structures seen

* in figure 1.

References.

I . A. rordenave-.Montesquieu, P. Benoit-Cattin, A. CGleizes,
* S. Dousson and D. Hitz 1985, J. Phv.s.B. Letters 18, to

be published.

2. H. Tawara, T. Iwai, Y. Kaneko, M. Kimura, N. K.-bayasni,
A. Marsumoto, S. Ohtani, K. Okuno, S. Takagi and S.
Tsurubuchi 1933, Proc. 13 th ICPEAC, Berlin, p.5

4
2.

3. Y. K. Ho, 1979, J1. Phys. B12, 387 H. Bachau 1984,
J. Phys. B 17, 1771.
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ELECTRON ANGULAR DISTRIBUTIONS AND TOTAL CROSS SECTIONS FOR TWO-ELECTRON P4%.

CAPTURE PROCESSES OBSERVED IN N 6,+ liHe COLLISIONS BY ELECTRON~ SPECTROSCOPY AT 10.2 qkeV.

A. Bordenave-Montesquieu*, P. Benoit-Cattin*, A. Cleizes ,S. Dousson" and D. Hitt*

CENG, AGRIPPA-CEA-CNRS, 85X, 38041 Grenoble C~dex, France
S Centre de Physique Atomique, UA-CNRS n* 770, Universitg Paul Sabatier

118 route de Narbonne, 31062 Toulouse C6dex, France.
*0 Centre d'Etudes Nucl6aires, Grenoble, France.

* . ~Angular distributions for the Isnln'l'(n=2,3 and References.. .*.'.-

n'..11 acid nln'l' (n=3 and n'>n) lines have been measured f.A Bordenave.AMontesquieu, P. Benoit-Cattin, A. Gleizes,

in N 6++He and N 7+.He respectively (figures I and 2). A.I. Marrakchi, S.Dousson and D. Hutz 1985, Interna- .__

Cross sections and angles are given in the emitter frame. tional Conf. Physics of Highly Ionised Atoms. Oxford .. V..-
(1984) to appear in Nucl. lnstr. Meth. B.

*It Qan be, seen that these distributions are often non-
2. In ref.l a systematic error in the cross section cal-

isotropic and in some cases asymmcetrical with respect to culation has led to values which are too low by about
*9U'. Ihis means that an estimate of total cross-sections a factor ten.

iron only one-angle measurement' may lead to erroneous 3. Yu.S. Cordeev, 0. Di.jkkamp, A.G. Drentje and F.J. De

values. After integration over the angles and summation leer 1983, Phys. Rev. Lett. 50, 1842.

*over all tlce lines, the following total autnionisation 4 .laY aeo .KmrN oashS hai

..rcs -. ctlcns ave eenobtanedK. Okuno, S. Takagi, H. Tawara and S. Taurubuchi 1982,

N 7. + H auto = 7.2 + 2.2 10- 20 m2 Phys. Rev. A 26, 105.

6 e ato 3. .2 0  m2 5. S. Bliman, M. Bonnefoy, J.J. Bonnet, S. Dousson, A.
m Fleury, D. Hitz and B. Jacquot 1983, Physica Scripta

For q = 0 , values measured by Gordeev et al1
3  

T3, 63.

are concsiste~nt with our value onlv when lowered by at 6. V.V. Afrosimov, A.A. Basalaev, E.D. Donets, K.0. Loz-

leat .U i orer tat lcesumV *hkin and M.N. Panov 1981, Proc. 12 th ICPEAC, Catlin-
lest2 i odr ht il um(nI 'auto ,agrees burg, p. 690.

W Iil ticleqq- value measured by IwaiT

For q = 7, our value seems to be icigic compaired to

tus vlue published by 131iman et al" but better_____________________

agrees with the largest Cross Sections measured
4.6 q,q-l

by. othier authcors" . For this svstem measurement of the

nI value would be important to check the consistency lI

4 all tccs cross sections.

n3

1021311

IF 3-

0. 1 floI

7- 0 4S 90 EMISSION ANGLE (T)
WsInTlno31 (i.-

7  emitter frame)I

_o1s313I'

4- A -- 6

3s~ 2 -P

2

__s--p_1s-

0 45 90 ANGLE (emtter trame) I)
Fig. I - N6 .He
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TRIPLE COINCIDENCE STUDIES OF SLOW COLLISIONS OF HI GHLY t', d.-
CHARGED IONS WITH ATOMS: ELECTRON SPECTRA,' -.. ,.t_

M. Mack, A.C. Drentje* and A. Niehaus 0. .

Fysisch Laboratorium, Rijksuniversiteit Utrecht, Princetonplein 5,
3584 CC Utrecht, The Netherlands.

*Kernfysisch Versneller Instituut, Groningen, The Netherlands.

,- ...X:.

In collisions of highly charged ions with atoms the L-shell of the O(6-r)+ ion; the high energy

the capture of one or more electrons is a very im- electrons (350-475 eV), however, can only be emitted If

portant process.
1 

Very little, however, is known about there exists a K-shell hole in 0(6-r)+**. one...res

the mechanisms governing multi-electron capture from the identical spectrum, only dopplershifted, at

gas targets, i.e. processes of the kind 2.25 keV/amu; therefore one wonders, whether this slow -

A
q
+ + B . A(q-r)+ + B(-

'+
)+ + se (1) (v 0.25 a.u.) impact really can excite the (Is

2
)

Such information can be obtained, as one measures the configuration to (is21 .... ). Possibly the O6+-beam

ejected electrons in coincidence with the charge se- contains a large fraction of metastable ions, e.g.

lected projectile ion A(q
-
r)+ and the charge selected 064(.s2s

3
S). The occurrence of different metastable

target ion B(
r
1's)+. We have built an experimental set- states could explain the differences between our

up to perform such measurements: main part of the set- electron spectrum and the high energy part measured b!

up is an electrostatic cylindrical mirror analyzer Schmidt-Boecking
2
.

"" (CEMA), accepting electrons emitted at a polar angle

50" + A with respect to the beam axis. We report References

here on non-coincident electron spectra, which already IH.W. Drawin, Phys.Scr. 24, 622 (1981).

revealed specific details of the processes (1). As 2H. Schmidt-Boecking, private communication, 1985.

examples, we show spectra of Ar
9
+ (0.9 keV/amu) on Ar "em (e.] .r

(fig. 1) and of 06+ (6.75 keV/amu) on Ar (fig. 2). fig. 100 20 8 0 ISO 200

Common features of these spectra are: I
Ar(36.s on Ar

- they consist only of projectile autoionization peaks.

No target electron peaks were found so far. All peaks (W

exhibit a corresponding dopplershift. - -

- lifetimes t of the excited states seem to be not too

short: so far we found no indication for molecular

autoionization (T collision time). -

Further details of interpretation will be given at the ...

conference: the electron peaks can be ascribed to cer- z

tain specific charge changing processes only if one o I - "

takes the coincidence measurement into account. , ".'

Still, we can comment on a special feature of the "".

(6+-Ar spectrum (fig. 2): two peak regions are dis-

tinctly separated by about 400 eV (all electron ener- Aoo__o___o___o__o__oo__o___ .

gies refer to the emitter frame). The low energy region toa 1 0 y0

(20-6o eV) shows projectile autolonization within or to

e., [ev]

22 5 tO 20 40 80 D0 350 375 400 425 450 475"

fig,. 2

0,

o 20 40 50 80 000 0L 20.41 6 4 0 5100520

El8 5 
[cv)

. - ,. . . ,,, . . •, ,• ." . . •-.... ... ..... ..-. •.. ,. ," ,. ,
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ANALYSIS OF HIGH RESOLUTION L-AUGER SPECTRA FROM MULTIPLY IONIZED Ar PROJECTILES

N.Stolterfoht, Th.Schneider, D.Schneider. and A.Itoh

Hahn-Meitner-Institut flir Kernforschung Berlin GmbH

Glienickerstr. 100, D-1000 Berlin 39

*Recently, we- have measured L-Auger electrons from 10 individual states. The branching ratios of these

highly Ionized Ar projectiles utilizing the method of states dt>termirne the peak structure in the groups 1, 1*

zero dejiree Auger spectroscopy. Thus, Doppler broaden- ~ ,and 4. For instance, note thle peak 4a which is%

* mi effect could essentially be reduced so that the attributed to the lowest Icing J=1 state. The corres-

5:z ectra were measured with relatively high resolutiofo. pondinq lines are- seen to oe missing in the groups

LigTht targjet jas'-s suc7h as He have been used to minimize I and I

outer si.11 t'xcii ati ri in addition to the 1.-shell ioni-

*zat ion. ffen,-e. Ac-er spectra for individual charg;e

* ~ ~ ities s:th, proiectlccl be -1dii In Fii.1 .ini222
5 3

wnreletrin; V I. eV Ar uet i i 1,. -13600
3 s4pm

Is, r H not prey u. study, the interpret-a- 3s4s EI~

vir i, 1a str-cturts remained unclear. 3~

B ~~'-13700 3s-

2s1 2 3s2  2s2p6 3s'3p

It 2. 2 4

2b -13800 - 5 2 i5 5 3d-

* ,> 2s 2
p 6

ii~- 
'3 0

-13900 * /
F it. I Sqt-ee rum of At-L Au ier elect tons e peed in -31

collisions with 91.6 Hey Ar on He. From Ref.1 K -3p

where also line energies are qgiven. 2s2p 3

6. 7+ f*,+

* ~~To verify the spectral structures, Ar-L Auger i. Enrydaamfrr Ar ndr

transiti~n energies were calcul- ated using a multi-confi-pekgopIi arcllyntesn,

.11ration Dit i Fock (MCDP) program. For the. -aseshekgop spriuaryitrsi

the~~~~~ ~ ~ ~ ~ ~ te:s~ti~ rdtefn tutr ince it is produced by three-elect ron transitions

* slitting are of the same order so that iniermedliate which cannot be initiated by the two-bodly Coulomb in-

teraction ol-rator in first order. Also, shake-up
* ~ u coo ni i; ' <Ices are sui table for the calculations.

effects or configuration interaction in the final
The- results are summarized in Fi;1.2. When the projectile saeo h eiulinsol o eiprat ir

is sinily ionizedl in the 2p orbital in thce c llicion, le

Ar lye reated. When the pl electron is removed in higher order effects such as interzhannel interaction

7, have to be considered.
alii tc- the 2p ionization, Ar is; obtainedI.

7+ ' W,- are much indebted to Drs. I.P.Grant,.. .
InA F: 1.2 the Auger rrni is for Ar and Ar

F.Folkocann, and W.Menzel for their support to install
*Are inodicated by arrows labelledi in accordance with the

niotatiot ,f the peak jroupt (Fig.1). The peaks 2a and 2b the MCDF program. We thank Di. A.Salin for valuable ~ ~
-or' attributr d Ito the initial configuration Is 22s 2 p 53sm

frigtedultP3/2,1/2' 2h 2ea grup 2,3 n 1) A.Itoh, T.Schnelder, G.Schiwietz, Z.Roller,
*4 are due to the initial configuration Is 22s 22p 53 s 3p

22 6 H.Platten, G.Nolte, D.Schneider, and N.Stolterfoht,
and the final configurations Is2s 2p with an additio-

J.Phys.B 16, 3965 (1983).
nal 3d, 3p, and 3m electron, resriectively. Here, term

splitting and fine structure splitting is important 21 I.P.Grant, B.d.McKenzie, P.H.Norrington,

only for the initial configuration which implies D.F.Mayers, and N.C.Pypar, Comp.Phys.Comm. 21,

207 (19801 .
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STUECKELBERG OSCILLATIONS IN C -He DOUBLE-CAPTURE CROSS SECTION AT LOW ENERGY

A. BjrAny* and H. Danared**

*Institute of Theoretical Physics, S-752 38 Uppsala, Sweden
*Research Institute of Physics, S-104 05 Stockholm, Sweden

In a recent state-selective study of single- and

double-capture processes in slow C 4+-He,Ne,Ar and Xe 250 .-
collisions, performed by means of translational energy-

gain spectroscopy at the University of Aarhus
1
, struc- .

tures reminiscent of interference oscillations have been
4+

detected in the C -He double-capture energy-gain spectra.

The structures show up as extra peaks in all spectra

taken at projectile collision energies between 300 eV 125 -
and 700 eV (cf. Fig. 1). Such peaks could result from 0

capture to excited states, but an inspection of the re-

levant C
2
+ states shows that one would have to invoke

several ad hoc arguments as to the populating mechanisms.

Instead the structures were provisionally interpreted as

due to angular scattering and Stueckelberg interference

oscillations, as discussed by Olson and Kimura
2 

for the 0 5 10 15 20 25 30 35.

system C6+-H at similar collision energies. That such AE(ev) r,.1.- -..-

angular scattering intensity oscillations can show up as

distinct structures in the energy-gain spectra is due to FIGURE 1 Experimental energy-gain spectrum of 500 eV

the kinematic energy shift and the non-vanishing accep- C capturing two electrons from He. .''

tance angle of the experimental set-up
3
. A strong support

for the given interpretation was the correct inverse

velocity dependence of the wavelength of the observed " "

structures.

To further investigate the Stueckelberg oscillation 25'

interpretation we are presently generating model energy-

gain spectra to compare with the experimental ones. The 2rl

differential cross section per unit angle is constructed

from a classical deflection function according to the I
4prescriptions of Olson and Smith . It is then transformed ."

into a differential cross section per unit energy gain

using the kinematical relationships. The Landau-Zener .
probabilities are evaluated with the coupling matrix

element derived by Grozdanov and Janev
5
. A synthetic . 1 .. 15 2D 2.5' M 3

energy-gain spectrum at 500 eV projectile collision ener-

gy is shown in Fig. 2. We also note that the rather crude
6semiclassical approximation used may be inproved
6
. FIGURE 2 Theoretical differential cross section pe-

unit energy-gain for C00 eV C 
4  

Lapturing twu

References electrons fror He into the ground state. Sral '4 P

1. H. Cederquist, L.H. Andersen, A. BarAny, P. Hvelplund, on vertical axis is in atoric nilts.
H. Knudsen, E.H. Nielsen, J.O.K. Pedersen, and
J. Sorensen, J.Phys.B, to be published

2. R.E. Olson and M. Kimura, J.Phys.B 15, 4231 (1982)
3. E.H. Nielsen, L.H. Andersen, A. Biri-y, H. Cederquist,

J. Heinemeier, P. Hvelplund, H. Knudsen, K.B. MacAdam,
and J. Sorensen, J.Phys.B 18, in print .

4. R.E. Olson and F.T. Smith,-Phys.Rev. A3, 1607 (1971) ' -'
5. T.P. Grozdanov and R.K. Janev, J.Phys. 13, 3431 (1980)
6. A. BhrAny, J.Phys.B 12, 2841 (1979) --
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AN EXTENDED CLASSICAL BARRIER MODEL FOR MULTI-ELECTRON TRANSFER REACTIONS

A. Bdrjny* and P. Hvelplund**

*Institute of Theoretical Physics, S-752 38 Uppsala, Sweden
- Institute of Physics, DK-8000 Aarhus, Denmark

While single-electron capture by slow multiply and J. Sorensen, J.Phys.B 18, in print
3. A. BArdny, G. Astner, HT.Cederquist, H. Danared,charged ions have received much attention during the A.Huldn, P. Aetn, A. dehusn, H. Knde,S. Huldt, P. Hvelplund, A. Johnson, H. Knudsen,,,,-• ..

last decade and several useful theoretical models have L Liljeby, and K.-G. Rensfelt, Nucl.Instr.Meth.6,
to be published•' .'- '."c'een proposed, tne situation has been different fortobpulse

4. P. Hvelplund, L.H. Andersen, A. Brny, H. Cederquist,
multi-electron transfer processes. The recent availabi- J. Heinemeier, H. Knudsen, K.B. MacAdam, E.H. Nielsen,

I ity of fresh experimental coincidence and state- and J. Sorensen, Nucl.Instr.Meth.B, to be published
see v

2  
5. R.K. Janev and L.P. Presnyakov, Phys.Reports 70, 1

selective data, however, has now made it possible to (1981)

formulate and test some new theoretical ideas. We here FIGURE I

describe a recent extension of the classical barrier

model for single-electron capture to multi-electron

transfer reactions 
3 4  

This extension follows along the 12-

lines proposed by Janev and Presnyakov 
5 , 

but our pre-

scription differs significantly from theirs.

Our extension of the classical barrier model treats

a multi-electron transfer process as a consecutive

progression of one-electron transfers. This progression

leaves the target ion in a distinct charge state but

does not predict the final charge state of the projec-

tile, since autoionisation of multiply excited projec- am ,oo ma u 0o -, Uo i..

tile states may occur during or after the collision.
The model thus predicts cross sections for target loss

of a specific number of electrons (m) given the projec- .

tile charge state (q). The actual computatioril scheme 14+

is m (
2 -R

q m mvl

Rm = 2(q-mvl) m + m}/I
m m

where Im is the m:th ionisation potential of the target.

The model also predicts internal energy defects

associated with the transfer of m electrons from the

target to (possibly later autoionising) excited states

of the ion. These defects Qm are defined through the a *~.* , . ~ ~ -

recursive relations ,aUW(

Q1 (q-l)IR
1

Qm =q-(2m-I)I/Rm + Qm-1

In Fig. I energy-gain spectra of I keV Xe 
q
, Ar . i 18+

e(g-l )-".. ..

Xe are shown together with the model estimates of
internal energy defects (corrected for kinematical

shifts) for one-, two- and three-electron loss from the

target and for q 12, 14 and 18.

References

I. G. Astner, A. B~rAny, H. Cederquist, H. Danared,
S. Huldt, P. Hvelplund, A. Johnson, H. Knudsen,
L. Liljeby, and K.-G. Rensfelt, J.Phys.B 17, L877 . * ... .. . -* .. . -
(1984) '.M IN

2. E.H. Nielsen, L.H. Andersen, A. BHrAny, H. Cederquist, CWIq.

J. Heinemeier, P. Hvelplund, H. Knudsen, K.B. MacAdam,

4" 
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MULTI-ELECTRON PROCESSES IN SLOW COLLISIONS OF Ar
q+ 

WITH Ne, Ar, Kr

L. Liljeby, C. Astner, A. BArany*, H. Cederquist, H. Danared, S. Huldt*.
P. Hvelplund*** A. Johnson, H. Knudsen**! K.-G. Rensfelt

Research Institute of Physics, S-104 05 Stockholm, Sweden
*Institute of Theoretical Physics, S-752 38 Uppsala, Sweden
*Institute of Physics, S-223 62 Lund, Sweden ..-. *,

***Institute of Physics, DK-8000 Aarhus, Denmark

We report results from a study of slow charge- Fig. 2 shows in more detail the absolute cross %

changing collisions of the general type sections o for production of secondary target ions of

A . Ar+ + B
s  

(r+s-q)e, charge state s = 3 split up into different final projec-

tile charge states r. Transfer ionisation dominates
where the multiply charged projectiles have been produced completely, the competing channels being ejection of

a s r, ci I ions using the Stockholm cyclotron to give a

"namer" beam . The recoils are accelerated to an energy 
.n 

o

of 1.,Sq keV and collide with the target in a gas cell. References

y cuincident time-of-flight charge-state analysis of 1. G. Astner, A. Birmny, H. Cederquist, H. Danared. ;' *

,rojectiles and secondary target ions, absolute cross P. Hvelplund, A. Johnson, H. Knudsen, L. Liljeby,

sections for specific reactions are determined. We have and L. Lundin, Physica Scripta T3, 163 (1983) --
2. G. Astner, A. Bjrdny, H. Cederquist, H. Danared,

used Ar ions as projectiles and Ne, Ar, Kr as target S. Huldt, P. Hvelplund, A. Johnson, H. Knudsen,

gases. A rather detailed presentation of the experimen- L. Liljeby, and K.-G. Rensfelt, J.Phys.B 17, L877
(1984)

tal set-up and results for the Ar-Ar collisions have 3. L. Liljeby et al, Physica Scripta, to be published
2recently been published . Here we briefly present the

Ar-Kr system, but a more thorough discussion and com-
tar siof a]l three collisional systems will be

Due to the large potential energy carried by the

projectile into the collision, a great variety of pro-

cesses may occur. Fig. I shows the absolute summed cross

sections Is for production of a secondary target ion of
q

charge state s. We see that even the cross section for 4
detaching s = 6 electrons from the target is appreciable

if only the projectile charge state q is large enough.

3

S7. C 2""'-'

0
7 6

(U 2

L

L

in2 2

r 3 4 5o 7i8 9
I 2 3 4556789

FIGURE I Cross sections os for production of target FIGURE 2 Cross sections qfor s 3 in coincidence

ions of charge state s = 2,..,6 in collisions with projectile final charge states r q-3.

of 1.8q keV Ar with Kr. q-2 and q-l. Same system as in Fig. 1.

. .............-.
. -. ',-

. -....!i -:! ' ""'
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A P I k- ' ~i\IL tIIii -li T(iNS I' 11t Ar 
2

*/A,- ('fl 1SIOiN SYSIF"'

11--rt. B.A i-,ind K. U-.ivsemann .-.

.~ r I .. i-iP.sli.v AG 11, Ruhr-Universitat
t; ic . ' ,erl'ianv

tii ni -pt ic a t is in thI(-e expe rinentalI in -

I gati' o 1,ct r n capt tr' by MLII i iplIy charced i )int.

- .,F OdIUI4 ul %

-' ft lul WUU 1 W1 4

t 1!o 7, 1 1' 1, 1 2 3 4 5 6 7 a 9 10

At tha t c r-ind s t a t

I ~ ~ ~ h I % i-1- t ta ls 11)2) pr diice Ar* ions

4~d 35V 3S, 3P' I:i i' , xv,wh i I, h icl -s Iv c i i d Ar"

Ii *..10) pr b-, tIr nzId' 'scired Ar* ins:

Ar
2
1
3
P) i I I ,, I., :I I .,i.Ii -timate (within a tactor '"

tr.!1i;,t :r. r -s -ctions is pissible. At

gut, I Sol Iii ~ ~F4 2 l0-15Cm2 *

C 5'rii"... I,. I:; aozrri'nt with estimates from the

2'' 1:-. )s. i''v*- in these, reactions. --

1k I t.. -i hi I , source with a typical elec-
______________I Is. a-, )0(1 ,I i V, the hivhly excited (SDO),

-10 -8 -6 -4 -2 0 2 4. 6 8 10 12 14 
1 l -1 i, it ri'-rt, Is', than I 'to the Ar

2  
beam.

0v .O)I. Ii.-. I,, th' saj 'r contribution to the

i ., .. , , 1 '.. r .i . r - -ct in.- A sl ight var iat ion if t he

L- J-1 
1

'It ' .WI 1 tti. I-1 sotre condit ion is a -14

1,111 1i ri. 1,11 1 ':I t the d i su-repancv of the result s of

\:' A,. I; . !- i irl -r.. t r'r 1he r''.ilt' stress the necessitv oif

I ~ ~ A r- I-is di -'rs t 1l 11 '.i,'-s wi th1 st ate se lec ted fir, jct i Is

A, i A, ' I Jt p- il 1, ii 1 lW hneSta1ts are considered.

ttiih,-r it, A ,Kali lert H.- and Wi esniann K. , J. Pbs's .C
iv'~ .i .. i i Ii Al tarot B 7 29~. 8t

C . . i- il .t-hr A- tierta J. and Wiesemann K., these

*r .. ... I n'
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DIFFERENTIAL CROSS SECTIONS FOR ELEc TltIN TRA.NFER I' H--s5' . I iI-'

L. N. TunnelS. C. L. Cocke, W. T. Waggorter. J. P'. One~s,.

J. R. Macdonald Laboratory, Kansas Starr 'nisersiti .arnt~t..s. sa.,, n'n'.

An apparatus has been designed and tested to-

measure the differential ecto trnfr rssN
4 ++H

settion for low veloc ityv, highly ioni zed projectile I -

impingent on neutral targets. Measurements have been 4
taken for % * q He (q -

3
,4,5ni, at energie-s ranging VACC:186

from .pproslmatelc 70 to 180 &V/q.ai

A 30 Mek bromine beam from the Kansas Statec

IinrteEN tandem Vain do Cr-rff woss used to loch.'

sn-inc g-s, thins producing soncral charge states. Art

-nnletat ion system and magnet were used tin est rant VACC s152

chln ci'. anal ize, arid momenrom anal crc s, le- ted 'noon -

bharge states and energies. this .,,en on ,r beamwa

hen p-rsc'l I hrto~jnh the- he] ion gas nell nd dot ctedll

ionst ream by a tins it ion sennyit is's dot nt r.I's ilip, a

ret truing grid] svstem, the- neon min shinh had 06 VC 130

itrinl-gnnne single ciar-e is finas.- were separated from <--

te i te t inn elIiIastc cnrpnen s of tit h eam. The ' ~n.e-
tie -. 11 enlioI n inf t hto mm 'en was .ntirnsimtel n 5b

tilli-rtntats I ItiSMi

The en,. e-taut fur strgl
1

,. tie' trnt trattfer if VACC :100
Ne + tie was mreasoted in S, h--sione, tf '. 1t

Sty ' 1instiet that into tti ii no if Ih ,' s st at,' do nntintol

t he ojien trnnm. Tin. N'.- 1-.a h-?) thlmtira -1 it I I

nnlnat" t nn nIt iii snff i ntn t , ittt ens,. tntme utt.son. I

di fteet tI rs et05 VACC 75
In F'ng. I tine dtfferetit Ital ntaptnne tnis,' int 

fu r No oHe' ats a fitct ionn in ft. i - F0n is pitr

sont ed. Tho, forward 1 eAik a sI Tt ut Ile foaiton1 I rite," 0 0 20 90 40
s'pen tra. There is tin sinde r~rtIne tip l...Iat inn tw Iiti the Tr(ev - rod)

anglIe' wini h 'nt I- ] n1,1 etntn m .... I t ni isi on s tl b inn

imtrpac t par amet cjoal In ttinn ssin. tP.din.7 line F

pos it i,, nnr ti he masia -ot minis I, ho-e' din, mic-

w Ith t is st i a w~ns its tn sggrst thbat Inhenini.

lations .are at tr initen tin intt-tf-,,n. ln,'t w'tt tin''

tnrotailits' amtl irnt trb. fonr ,a Atn1r I nnn'nununtp nn,'t tin. lt.lni.. Inn ? i', l ni iit'iti

crssinrg ra itts nnrn ho tn, -. nnnnv tin ist i.ih~

T his .wtnrk is snttnnnt tentd inn ni , lt. 1 at m- si, fn

Ftnr-gn, Itinrii nnn f be- leni l n I

ru.

I' ''ime iss- -,t 1. 1,tnit. P. 4I t.rn..n. I

P.M'etnn. tIn. Mn I

ant Ri. 4a r rnn', Ph, P. In . t et 't In' n
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'OS:5 --U :V-FiFROSCOI'S 01 1_06 ENERGY Ar' ANDn Ot N ATOMIC AN4D MOLECUlAR HYDROGEN

I. i,. c ,i.s L.I. loke. S. L. Va whes,. and L. Tunnil

I onn~. I-I i nr Y i'ans s,. St aItte I i si. s i athat tan. Kansas 66506
I i-. n I f 'inst Ih Al.aaa t4nnlni ], Alabama 36688

' 'tin .. p1n. --tIin-nernv'it nisl dlct'nt in tin, H spectrum. Kinematic lines for

1t 11.' tn-in I' -n;]- : lilli hndini ti. - -1ti Id finail states are shown. Neither of

K ' ;iii as Ph.- -i, if svun 1, th-,, I nie an expla in ihie feature at 19 eV. Also,

i nill t1n.' h.-t --. ,f I It sinalI di fferent in binding energies of

ii II;.*'-t l- n - i, Isnni' . n 1'. ff inil H we nolil' it ttittikels- that these states

f 1 -1 'f0-". i. -ld ~ sron~v opuate intheH'2 svstei and not at

-~~~~~~~~ Iii I I iii o I-.-. t. int ntithe. < utem i. Another explanation for these

'I'S. ~ ~ ~ ~ ~ 1 0 f,- i . t.n-''nlis'n.'nn 1Ot ,-s; w-hilih we falsor is dinnili -apttnre into an

Sn -- t -I s'- ni- 't.' -iA-'siiiit it ' of t he prrtdunt loi f,nlIlInwed by antromoniza-

-I fi nn ... Is i inn. Tht' filial state is then 1% 2",2s pn~n' The

0--nl. t I n. It Ii (i--sln to two tcpi, al stit,, is itnniiaditn th'

- ~ ~ ~ ~ 1 -1' 1' 1-'i ti <i its --. TIne figur, using the nnia inn I itfin' t' t .

tn ~ ~ ~ ~ ~ ~ ~ ~ " ,'o' ,H Sn wo - n,- m i Ii' -I inn iin' tla analse' ha.- het't. mail. for, t he ontihe

ntf lis f II n'i' h,'. - tr ti Ih, F' ,o.1,men. snustemfis merni tned alinise Poiti tt ion itf the feature at

It' ift-. nn-w'. itsnnI'- i .,,nI i-nnllt ttanIl high i'iegn- gait) inn-teases uith the bhArge state etf the

in innnI.-fnnssln. i','nn -Ii iinn.in rTe iss tnrnne -rile. In sihoutld be, noted that it is not possible

wet - eio a.>.cn-I tino m n t- t tnt-e. O -I iii, ill -- ss to unambiguoslv ideitits' ihe fitnal state

-1. t ti e I .enntgin ti' t tre t n' - ' II I!~ '' t unili' pnnlnn t iotn'.

I" en dino-arg'i'rtsluniliiittil i nt i.nt1i i-ossin--it int This work was suppurted liv the 1. S. Department of

1liii c'ti- ,Innlta i 'i' I hn, l -tIi- latI. r-g- Div-ision of Chemi Scriences

get v, n.ttgi't . Al te ettin tI e sat, 1-- pnrinnliit Rnfn-en-i,-

in.a:i-.-'' 1 t ln.mlsnn.n a i nininil.'finnsnswin ti P. ties ,. L. . Ceske. , S. I.. \'arghese, W.

I lisaggoner.p- . Tnnnell NIMS. tno bt' published
tinsit~~ tiA ~ mnn pril 198-.

fn sg t p 't fili Nit' nit H inid H' ai l nw

Tbhi'neryin rtsnilunioT ,i I thint nnln ied was ().I
MAIN PEAK SINGLE CAPTURE

i-<~- Hn-e'- i in'rn' -sount li nil ftine single ialttie50

was 1 l i 1l -1nh thi- li.e riit k inematLis nit, the 'Ne5 on H

non r 1.ss t 1". At tint' - att etrig angles other that,

vt " ni-g iv ri eo tin t ht' targt-t dr... Thu , t h" ' 1000

'tns.tii. Al ti. -n1 tnnat''nf Itis t'ffectt n

*5 lini n- t - t i na'l. l i-l I rin-l ,atA- u -o v0

4) s
u-nt' 'h" n nlIa l t I- In e gi-'- If lane ot tne4d ~

Q 50
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TRANS LATIONAL ENERGY GAIN SPECTROSCOPY S TIDIES OF MT;LTIPLY

CHARGED ION ATOM4 COLLIS IONS

P. Hvelnlucd, L.H. Andersen, A. BdrAry*, ;I. 2-ir itH. Kna'dsen

and4 J.0.K. Pedersen.

Institute _f Physics, University of Aarh-us, DK HUGO Aarhus C : Tmark

m Research Institute of Physics (AFT), 5-1J4 00Stockholn, Swed.-c
*Institite .f Tehretical Physics, S-702_ SH3isli Swei
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ELECTRON CAPTURE CROSS SECTIONS AND n,t -LEVEL POPULATIONS FOR HIGHLY CHARGED SLOW RECOIL IONS

R. Mann, C.L. Cocke*

GS:, P.O. Box 110541, 0-6100 Darmstadt, FRG
*KSU, Manhattan, Kansas 66506

Ar
0
' and J* 5 _ q < 26) recoil ions were (10+,ll+) the energy range of subshell levels -'

produced in 1.4 MeV u Ul , K-11, Si '
+ 

collisions calculated by a Dirac Fock program overlap for"..-.

,ith Ar, HJ tar'e.ts. Total one electron capture cross different main shells n. Energy gain spectra of Ar8
+  

-. ,' __

secti(ns (1, from he and H, targets into 200 eV/ q ions ( Fig. 4) indicate a strong dependence on the"" C

extracted recoil iors are measured by the decelerating collision energy for selectively populated subshells.

rethoa 'Fig. 11. The C- dependence on q ,Fig. 2) is This car be qualitatively understood 3 from adiabati-

MANOMETER city criteria of the capture process.

Fi kV 6- i m--He. .-

Clas ial r oe 2195,7 e V/q

GAS ELL /+ 1: -8

IRE TAROING - I**' n0-VOLTAG =2. 3 ow.0, I

CHANNELTRON RETARD. VOLTAGE IV] I-.4 -6

Figure I

in better agreement with the peak values of the23
classical barrier model :CB. than with the absorbing 600

sphere model (AS). Besides a general smooth increase 00* 9,

of c%( q) significant fluctuations in neighboured q >-+ 5 7 .  
_

values are observed which are not simtly reproduced by 20 ,",1
any existing theory. Such fluctuations may reveal the

electron transfers to be strongly dependent on the . ,:.

individual electronic level structure of the system 10.

even for high charge states. indeed, the Q-value 00""

spectroscopy 1 indicate that subshells are selectively ,03.- . 6 "

populated ( Fig. 3). For certain charge states :',Ik . .

25 0 -2 X ~,*J1* 2H- Ar -,-Xe >
'.... H - ' , I. ..__.

, •20 Z33~ 3 2

2 Egy Galr, /ev Energy 3ain /eV

S0 -0 Figure 3

5 'c0 15 20 25 30

i-He G

E a
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* STATE-SELECTIVE ELECTRON CAPTURE BY SLOW MULTIPLY CHARGED IONS IN ATOMIC HYDROGEN

R W McCullough, F G Wilkie and HB Gilbody

'-C." Department of Pure and Applied Physics, The Queen's University of Belfast,
Belfast, United Kingdom

Translational energy spectroscopy in conjunction __-

with a tungsten tube furnace has been used in this %

laboratory to carry out the first measurements of their 3 %

type for the electron capture process I. .

xq
+ 

+ g -X(q - 1)+ (n, I) + 11
+  

.

In our energy range corresponding to velocities v < 1 Q -

a.u. where a quasi-molecular descripticn of the .D

collision is appropriate selective capture into a , [

limited number of product ion states occurs via

pseudo-crossings of the adiabatic potential energy ', ,

curves of the molecular system. In particular 0

moderately exothermic reaction channels provide the 1
main contribution to the total one electror capture -1'1-. - . ,

-12 -8 -4 0 b 8 12 16 2o

cross section . " -"g"c a"'AT
"

The feasibility of the technique was demonstrated ng hang, ,f ( V)

at the single impact energy of 8 keV for the N2+ + B

collision system
I
. Subsequent apparatus improvements Figure I Energy change spectrum for C

2
+ ions produced

enabled the first detailed comparison between in one electron capture collisions by 12 keY C
3 +

experiment and theory for the C.3+ H U system in the ions in atomic hydrogen.

energy range 0.6 - 18 keV and more recently for the N2
+

+ H system
3 

in the energy range 0.6 - 8 keV. In both

of the above cases the agreement with tbeiiiN was good However these new measurements clearly indicate the

for the dominant reaction channels, presence of other minor reaction channels resulting in

A new position sensitive detector sysitm with the formation of higher excited states of C
2
4 between

microchannel plates, phosphor screen and CCD camera has 
3
P
0 

and the continuum. The unresolved channels account

recently been installed in our product ion energy for approximately 24% of the total C
2  

of the total C
2

analyser. This detection system has enabled higher product ion signal. Further measurements at other

resolution FWBM 1.5 cV combined witl. increased collision energies for the C
3 + 

+ H system will be

detection efficiency to be achieved, Fig. I shows an presented at the conference together with those for

energy change spectrum for C
2 * 

ions forred in single other collision systems.

collisions between 12 keV C-3* and atomic hydrogen. The

main features of this spectrum are in go d agreement

with those observed in our previous work a!' rrcdicted

by theory
4
. The major reaction channels are indicated References

by full vertical lines and are labelled ... ing to 1 R W McCullough, N Lennon. F 0 Wilkie and H -

the C2 + product ion state formed. These ci-annels are Gilbody. J Phys B 16, L173, 1983.

listed below together with their enetg) d, rts and 2. R W McCullough. F G Wilkie and H t Gilhody. J

associated pseudo-crossings. Phys B 17, 1373, 1984.

3. F G Willie. F B Yousif, R W McCullough, I Geddes

Reaction AE(eV) KCS.u.) and H H Gilbody. J Phys H 18, 479, 1985.

C3+(la22s)
2
S + a "4. S Hienstock. T U Ie. C Bottcher and A Dalgarno.

4 C
2 

(ls
2
2s3p)

3
P
0 

- V' 2.05 26.5 Phys Rev A 25, 2850, 1982. "-

* C
2
+(ls

2
2s3s)

3
S + H 4.72 11.5

C
2 
(l,

2
2p

2
)
1
S . H- 11.63 4.68

K. C2 (ls
2
2p

2
)ID + H+ 16.17 3.36
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ON NEUtRALISATION OF HIGHLY CHARGED IONS NEAR METAL SURFACES ".

M. Delaunay*, S. Dousson* and R. Geller*

and
P. Varga+, M. Fehringer

+ 
and H. Winter+ -

AGRIPPA, C.E.N. Grenoble, 85 X, 38041 Grenoble CEDEX, France
*) Service d'Ionique Generale, C.E.N. Grenoble, France
4) Institut fur Allgemeine Physik, TU Wien, Austria '-

Experience ,n neutralisation of slow multi-charged ions 8
'At metal surfaces 11,21 suggests the following

processes. At distances of typically 10 from the

sur face, resonance capture of one or several electrons

produces highly excited or autoionizing /3/ particles, 6
which during their further approach are rapidly

deexcited in a series of Auger processes, each of them

bridging an energy gap of about 15 - 30 eV /2,4/. Each 4 I!1
step will last typically l - 1 5  

10
- 1

4 s and can lead
s a. .

to electron ejection. The corresponding electron No

yield y should therefore be roughlv proportional to the 4

overall potential energy Wq released by an ion Z
q +  2 5 %

* until its neutralisation has been completed. This 45 3O0eV A,.
picture is also confirmed by all so far available ...

experimental results /1,2,5/. During 10
-14 

s, ions '

with a kinetic energy of E/M = 7.5 eV/amu (e.g. 0 500 000 - '-

300 eV Ar
q+ ) 

travel about 4 . Therefore, even such .' --. .

rather slow highly charged ions will reach the surface

before their above described neutrali- The figure shows results obtained for contaminated

sation/deexcitation processes have been terminated, tungsten (background pressure ca. 10
8 

mbar) bombarded VIC J
This is supported by measured y , which decrease with E by 300 eV N q(q g6), Neq+(q .8) Ar

9+ 
and Krq+(q 110).

the faster the higher q /1/. Furthermore, with given Z We clearly find deviations from linear y vs. W plots,
q

beyond a certain q value the gaps between adjacent most notably at q = 9 for Ar and q = 6 for N, in

states involved in the Auger deexcitation cascades may agreement with our expectations.

become so large, that the related Auger transition At smaller ion impact energies (i.e. 100 or 200 eV)

probabilities are drastically decreased. This is less pronounced deviations have been found, which

especially to be expected for H-, He- and Ne-like suggests more efficient electron ejection, if enough

conti guratilms, for which the respectively lowest time for the respective neutralisation/deexcitation -

exc Ited states are widely separated from the sequences is provided.
• °. ~~,.°. -A . ° o

c,rrspunding gioutid states. For few electron-ions Studies for impact of ions with higher q and also lower . -

with higher , radiative deexcitation may become E on atomically clean target metals are in progress. ti L

So~or-,p-)rabl% VI 4 r ant is Auger deexcitation, because the

probabi it; o! the radiat ice processes increases Acknowledgement

Austrian participation in this work has been supported . "r!' /. .in this c.ontext. we refer to Ar by Komission zur Koordination der Kerfusionsforschung
K emission observed for impact of Ar 1 7+ 

on CuBe /61. at the Austrian Academy of Sciences.

I n conclusion, orresponidinglc smaller contribution References

to electr,,: ejeyt ion and thus a deviation from linear 1) H.D. Hagstrum, Phvs.Rev. 96(1954)325 t
v c"i u b o f i2) l.A. Arifov, L.M. Kishinevskii, E.S. Mukhamadiev and

,-vaS. L heas tvY 11 IL I hkmll be found for hih E.S. Parilis, Sov.Phys.-Tech.Phys. 18(1973)118
I-values al above defined. 3) H.D. lHagstrum and G.E. Becker, Phys.Rev.B 8(1973)107

4) P. Varga, W. Hofer and H. Winter,
Applying decelerated ions from an ELIR source /7/, we Surf. Sci. 117(1982)142

5) P. Varga and H. Winter, Phys.Rev. A 18(1978)2453
have started svstema)tjl ,nvestvations of electron 6) E.D. Donets, Physica Scripta T 3(1983)11
emission due to impact of slow highly charged ions on 7) R. Geller and B. Jacquot,

Nucl.Instr.Meth. 202(1982)399
metal surfaces.
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-aA PRACTICAL CRITERION TO DETERMINE TRANSLATION FACTORS. APPLICATION TO He 2++ H COLLISIONS.%

J.M. G6mez Liorente, L.F. Errea, L. M~ndez and A. Riera %.

Departamento de Quimica Fisica y Quimica Cu~ntica.
Universidad Aut6noma de Madrid. 28049 MADRID (Spain)

* ~~~We present results of applyingthe Euclidean norm ......... ................... __________-

* - method1  
.~ou.T ~oo to determine a cormmon translation factor for oraqLes:H .......

He Hls collisions. Norms with ardwithout weights . *...Jkotu TF (0-0)'.~2

are presented. The parameters determined are th u-of ' imp~act Puanicer: bm S& I. \,. .6

paramter a of ref. 2 and the so-aldpiled oni- H6 Sni9 ~0eVvb4lU .........a~

gin. Our conclusion is that the norm method, which is He cj- .20 -V (v - 4472 a u.) ~
an extension of the criterion of Rankin and Thorson

3, x

* provides a simple and useful procedure to determiine

translation factor parameters. .......... 555
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110 100 1 10 100ho

CROSS SECTION FOR He 2- H(Is) COLLISIONS FOR 20 KeV 
4
11e

2
- IMPACT ENERGY

Ou eut at -tate calculations: 2., 's 2 pl 1to

-No translation factor, or-igin on m*................1.36 2.21 2.45 6.02
No translation factor, origin on nuclear
centre of charge ................................. 3.88 7.97 7.35 19.20

-a,.1.............................2.90 5.72 5.01 13.53
In. transition probabilities of previous2.2 50 45 19

case ....................................... 2 50 43 19
In, transition probabilities Chosen by2.1 48 416 148-AA

iteration procedure ...................... 1 48 .6 1.8.'.\

Pthr results with translation factors.

Results of winter and Hatton4  using plane
-due T.F. (four states calculation) ................ 2.91 4.16 3.76 10.8
.d. (ten states calculation) 2.37 4.88 4.14 12.3
Results of Kinura and Thorson1- ai.to 'pti7-'
mized T.F.'s (four states calculation) ..... 2.65 3.97 3.76 10.40
ld.. (ten states Scalculat ion),..w:...... 2.18 4.66 3.70 11.23
Results of Crothers and T04d6 ,ith variatio
rally optimized T.F. s. Fiee states calcula--
tion l2sn, 2p,. 2p-, 

3
d, and 3d..). ................ 2.90 - - 0.36 .

ntfr olateo enperimental data . .l~

e t If 5l
Shah and G,lIbodA.'*................... ..... 1.5 0.3 1. 10
yfel an9 Rhayralla5 ........... ... 13051
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INFLUENCE OF ROTATIONAL COUPLING ON CHARGE TRANSFER
BETWEEN MULTIPLY CHARGED IONS AND NEUTRAL ATOMS AT LOW ENERGIES

M. Gargaud*, R. McCarroll P. Valiron
+ 

and G. Zannoli-

Laboratoire d'Astronomie et d'Astrophysique (UA 352 du CNRS), Observatoire de l'Universiti de Bordeaux I,

+ e 33270 Floirac, France
Groupe d'Astrophysique (ERA 961 du CNRS), Universit6 de Grenoble I, B.P. 68, 38402 Saint-Martin-d'H~res, France

The aim of this work is to clarify the relative im- 0.3 F 3 y i T - I T T YIll .. 
-.

por ance of radial a:. rocatii.al coupling in the quasi -% .. . i

molecular model of charge transfer of multiply charged % N

ions with neutral targets.1 -

The dynamics of the collision is treated by a quan- 0. 
0

'"

* tum mechanical formalism, which allows us to cover the1

method 1, is used to compute the required molecularL i 4 ]
energies and the corresponding dynamical coupling. Pro- -. J;.-

vision is made to account for translation effects by the [ "1. .
3,4 J~

introduction of appropriate reaction coordinates ij ."-"

The results presented in this abstract concern the 0 0

C
4
/H system which has been the subject of much recent t..--L-.L.. _ L

I 2 5-10 200 300 400 400 00 800 1000
investisation ' ' The essential features can be most

_2 _s_2__ __ _ca -
simply understood in terms of the diabatic representation Figure 2a,b. Paitiat wav c~cos sectiorL6 --2 ....

tule into C (3p) with (---1 and withou.t
(fiure 1) in which the matrix elements vary smoothly with i-) taonat coupting fot cottison ene)tgica o0
R in contrast to their complex structure in the adiabatic 29.5 cV/amu (jig. 2a) and 147.3 el/amu (jig . 2b).

representation. It is observed that the only important The overall effect of rotational coupling on charge

rot !anal coupling matrix elements are these between transfer is confined to a relatively narrow enervy range

states converging to the same dissociation limit. It is around 150 eV/amu. At energies lower than 50 or higher

found that rotational coupling contributes to the charge than 300 eV/amu, the effect is much less marked, becoming

* transfer process in two specific ways. At low energies negligible for energies less than 10 eV/amu. The inclu-

40(< 4 eV/,mu), its influence appears to be localized to sion of translation effects does not appreciably modify

the vicinity of the crossing radius Rx . The pure sinusoi- the results for energies below I keV/amu.

dal character of the partial wave cross-sections is then Our results are in good agreement with Phaneuf et- "

preserved (figure 2a). At higher energies (>, 50 eV/imu) ar. alenergies less than 50 eV/amu. At higher energies,

the electronic states tend to decouple from the inter- however, our computed cross-sections, in comaron with
nuclear axis even for K <Rx, which produces an additional other calculations

6
'
7
, lie somewhat (by about 50%) above

peak in the partial wave cross-sections. Interference the experimental data.

effects tend to attenuate the sinusoidal character Results for other systems will be presented at the

associated with purely radial coupling (figure 2b). conference.
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LOW ENERGY CHARGE TRANSFER IN ONE ELECTRON SYSTEMS*

G.J. Bottrell and T.G. Heil

Department of Physics and Astronomy, University of Georgia, Athens, Georgia 30602

We have examined the total cross-sections for ... '-'.-
" 3+

charge transfer in the one electron systems He 
2+

, Li %

Be
4
, B

5  
and C colliding with hydrogen. The colli- -

sion energies are up to 100 eV. The approach used is

fully ouantum mechanical and uses a diabatic represen- _.

tation that is a generalization of that of F. Smith.

Our basis set size ranged from two to thirteen states

(all u states), in an effort to study the convergence

of the cross-sections and diabatic states with respect

to the molecular basis set. Convergence studies with -

respect to angular couplings are in progress.

* *Supported by the National Science Foundation.
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POTENTIAL CURVES AND COUPLING ELEMENTS FOR CHARGE TRANSFER IN Al* H COLLISIONS* ,.

K. Kirby and T.G. Heil

Harvard-Smithsonian Center for Astrophysics, Cambridge MA 02138
t
"Department of Physics and Astronomy, University of Georgia, Athens GA 30602

Adiabatic potential curves, electronic wavefunc-

tions and radial coupling matrix elements have been

computed for four states in the _+ manifold leading -

to the separated atom limits Al
3 
+ H and A1

2 
(2 2p,- "

2D) + H
+
. The basis set of Slater-type functions was

optimized for the specific atomic limits. In order not

to prejudice the calculations to describe only the

ground state accurately, a single-excitation configu-

ration interaction (CI) calculation to obtain natural

orbitals n7 for the four 2+ states was devised. These 4 JE
natural orbitals were then treated equivalently in a

first-order CI calculation. The asymptotic energy

splittings are within I-2 - of the experimental values

which indicates that the calculated crossing-points of

these potential curves should be very accurate. Elec-

tric dipole transition moments, and radial coupling

matrix elements computed using the one-electron operator

N Zi
i ~l 7 are given as functions of internuclear %

separation, R. These curves and matrix elements have

been transformed to a Galilean invariant diabatic

representation. Quantal scattering calculations are in

progress using these diabatic curves and couplings to

predict cross-sections for forming A
2 

( 2S,2 D)

ions in collisions of Al+ '3 and H.
S.. - .,.

*Supported by United States Department of Energy,

Fundamental Interactions Branch.
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CROSSED-BEA M STUDY OF THE SINGLE-CHARGE TRANSFER PROCESS Hg *( S) +Kr( S)
g'2 2 2
Hg(5) rzr F3 2  P T eV COLLISION ENERGIES

I3. Friedrich, J. Van~Jurv, M. Sadilek, Z. Herman ~-

J. Heyrov-ky in-titute of Phys-ics]. Chemistry and Electrochemistry,

Czeozslvak~caen' of3c~nce., ~chva 7, 21 38 Prague 2, Czechoslovakia

~a Part of a systematic sicattering in- pendence on collision energy.

v-igation of the single-charge tran-fer pro- Figs. 1 and 2 show the relative differen-

ese of doubly-charged ions 2, 3, .eudrtilcos eton, 'if( 9  at collision

toka crossed bean --tudv. cf The title proces- energies T=0.92 and 2.71 eV, respectively. The

sez vihere the soin-oro it states of the K~r ( 2P) areas under the curves at a given collision e-Iproduct could be resolved. The experiments nergy are normalized to the ratio of 6'(3/2)

ere carried out on the scattering apparatus and d(112).

EVA :1 and the range of collision energies co- The formation of both Kr ( 2P3 2  and Kr+

vered ,ias 0.9 through 2.7 eV. Because of kine- (P 1 ) results in strong forward peaking of

natic reasons , the Hg' product ions ,4ere mea- Hg.

sured, altnough the signals of Kr+ could be de- A preliminary quasiclassical calculationAL
tectd aso.forKr 2 ) based on the ion-induced dipole,

The large spin-orbit splitting of the V I., and Coulomb potentials between the reac-
-2

Kr( F ) states, 0.65 eV, made it possible to tant and product pairs, respectively, leads to

distinguish the regions of scattering of Hg an adequate description of the strong forward

oue to the formation of K~r+ (2 P 3 /2 ) and Kr* peaking of Hg* due to the Kr+( 2 P 1/2 ) formation. -

( 2 )
P2 ) as separate features in the scattering The value of the ratio 6(312)1 6'(112) at

diagrams of Hg+. Using standard procedures, CM T=2.71 eV compares well with that of b ax (3/2)/
b2  (12 hr (lVR )T 1 12 R

angular distributions pertinent to the forma- ba max2 wher br oIV ( ) .R
*tion of these two states of Kr (tt-ee- Rr(3/2)=3.4 A and R (1/2)=3.8 R are the res-

*ted relative differential cross sections) were pective crossing separations of the diabatic x'.-
evaluated together with the ratio of the total terms. 4ith decreasing collision energy the

cross sections 6(3/2) and d(1/2) of forming cross section ratio increases faster than the. -

2 n r F2  , respectively, in de- ritio of b 2a

1. I I I References:
i. Predoctoral Student, Charles

University, PragueGdf T=.92eV T= 2.71 eV 2. B. Friedrich, Z. Herman,
diff IChem. Phys. Lett. 107, 375

ar~.0(32) CT(312) (1984
a=~u ~.20 0. 76 6 . B. Friedrich, . Pick, L.

0(1 2) 0 2) Hladek, Z. Herman, E. Nikitin,
A. Reznikov, S. Umanskii,

0.5 J. Chem. Phys.
4. Z. Herman, K. Birkinshaw,. -

Ber. Bunsengee. Physik. Chem.

o2p, 77, 566 (1973)

02p3/2
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RFSONANCE STATES rjF MULTIPLY-CHAR ;D MLFC"LA; .•' .

S. Preston and A. Dalqarno

Harvard-Smithsonian Center for Astrophysics, Cambridge, ".A C213i '-'SA

Multiply-charged molecular ions XA
n + 

may be created

by the approach of a highly-ionized atomic system X
n  ,.

and a neutral atom A if the potential well arising from

the attractive long range polarization interaction is ,

deep enough to contain bound vibrational levels. In a "

diabatic representation, one potential energy curve is

crossed by the repulsive potential of a lower-lying

electronic state which separates into the chared

products X
(n - l) + 

and A
+  

The bound levels are tro;-erl-

oharacterized as diabatic Feshbach resonan.es whose

decay widths give the rates of predissociatior into the

vibrational continuum of the repulsive diabatin electro-

nc.tate.

In the alternative adiabatic representation, the

two potential curves undergo an avoided crossin;. A

potential well may be induced in the lower-Iyina elec-

tronic state by its interaction with the higher-lying

state. The bound levels are then characterized as shape

resonances whose lifetimes are determined by the rates

of tunnelling through the potential barrier.

An exact treatment requires the solution of the

coupled equations of nuclear motion in the interacting

electronic states in which one channel is closed and the

others open. We have solved the equations for several

of the molecular systems involved in the charge transfer

of doubly and trebly charged ions of carbon, nitrogen

and oxygen with atomic hydrogen . To avoid the loss of

linear independence that occurs in classically forbidden

regions we used an orthonormalization technique similar

to that described by Scott and Watts 2

Dependina on the strength of the coupling, the

diabatic or the adiabatic representation may proJuce a

more satisfactory zero order description of the bound

States. Examples will be presented.

References

I. T. G. Heil, S. E. Butler and A. Dalgarno, Phys. Rev.

A 27, 2365(1983).

2. M. R. Scott and H. A. Watts, Siam J. Nuer. Anal.,

14, 40(1977).
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CHAR'E TRANSFER OF HELIUM IONS IN NEON

B. Zygelman and A. Dalcarno

-arvard-S--:tson'an Center for Astrophysics, Cambrdce, Massachusetts 02138, U.S.A.

Charge transfer of He ions in collisions with neon

items ma" occur b,.. a ra,
1 
ative orocess in which a photo.

_______ 
4
unins the collision and a ne:c-radiative . . . - -

_roeass driven ti the action of the nuclear kin.etic ..

xerietalfor the ndcae pro- f

cess has been obtained at ther-al ener es aid a

oetai~e. tneoretical model has been deee-). At

therc-al energies, the con.-radiative orce.ss: slow b-it

at sone hiher en.ev it will become -ore ran -d nan

radative chare transfer.

Cal culations will be reported 3f the cres- sectlons

f.cr the chare transfer processes drive by, the nuclear

radia r---lin: of the X. and B- states of the

He-: rclecule. The adiabatic potential enercy curves

were oconstructed by the RXR method 2. The adiabatic

con)" line matrix elements, corresponding to an origin

a- tne center of mass of the nuclei has been calculated

b arat en al. 3 In order to explore thE sensitivity

of the cross section to the coordinate nrioin we used

the transition aipole moment of Cooper et al.' to

derive the coup lin, for an origin on either one of the

two nuclei.

The cross sections were obtained by transforming

to a diabatic basis
4 

and solvino the resultine pairs of

coupled equat ons. At very low energies the cross

sections are sensitive to the choice of origin but are

also negligible compared to the radiative cross sections.

At higher energies, the choice of origin has little -

effect. The radiative and non-radiative cross sections

become equal at a relative energy of 40ev with a value

of about 3xlo cm. At 1300eV, the non-radiative cross

section has increased to 2xl0-1cm
2
, orders of magnitude

larger than the radiative cross section.
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THE CHARGE TRANSFER CROSS SECTION FOR Xe+2P 3/2) IONS IN

Xe OVER THE ENERGY RANGE 0.4 to 4.5 eV (LAB)

P. Larsen* and M.T. Elford+

+ Dept. of Physics, University of Trondheim, Trondheim, Norway, NTH-7034
Res. School Phys. Sciences, A.N.U., Canberra, Australia, 2600

* , .%' '. .

The analysis of ion mobility data enables the cross
i50section for resonant charge transfer to be obtained at IJU---T-FI TJTVFITI x -. -

low ion energies where alternative beam techniques are + +.'. ,

either difficult or subject to large uncertainty. In the Xet +Xe Xe+Xe,- ,

present work measurements were made of the mobility of 130-

Xe+ ions in Xe using a variable length drift tube of the .

Tyndall-Powell four-gauze type The E/N and pressure 3/2

ranges used were from 50 to 10,000 Td (where E is the 110 
-P" - -

electric field strength, N the gas number density; p(A P

I d = 10 volt m
2
) and from 3.5 to 92 Pa. The ions -0"

were produced by electron impact using electrons obtained 90 2

by i-particle ionization. P£2"°

Due to spin orbit coupling two Xe species are 70 RP-
observed (Xe (P 1 1 2) and Xe( in the arrival time

spectrum. The ion current maxima due to each species

was obtained by deconvolution and their identity 50 iIdI I 1 1 1 (ii.

established by comparison with the data of Helm
2
. o., C0 b(V) 1

Particular care was taken to minimize errors due to

the shutter open time effect noted by Hegerberg it 1:.3 FIGURE 1. The resonant charge transfer cross section for

.ue esti7ated absolute error of the mobility values is Xe
+ 

ions in Xe: (P) - Present (2P3/2): 0 Koizumi

' " "ver the lull FIN range for the Xe+(
2
p3 /2 ) ions, c.,. (injected ion-drift tuhe); U Ziegler' (beam ',

+1 S 212,232,Sih n adl

and 1.5' for the Xe (P1/2' ions for E/N 190 Td experiment); - -2 3i.'a a r,
1/2~~1/ 3/2 inaan arse

rising to W-t at 900 Td. This was the highest E/N (theoretical); - (S), Sheldon
8 

(theoretical);

value for which the deconvolution procedure for the - - (RP) Rapp and Francis
9 

(theoretical). The quoted ".' .

Xe i
1
'2i ion was considered reliable. Over the common errors bars of the experiment Ily derived cross sections

F/N range the present data agree to within the stated are as shown.

experimental errors with the only previous high precision .

mobility data for Xe+ ions in Xe, those of Helm.
2  
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,

The resonant charge transfer cross section for 1. M.T. Elford, J. Chem. Phys. 79, 5951 (1981).

X+ C'F,) ions in Xe was derived using the theory of
3 , 2. H. Helm, J. Phvs. B. 9, 2931 (1976). - -

Skullerud
4 

and the procedure described by Hegerberg

3 Only data for E/N values greater than 2500 Td were . R. (legerherg, 1.1. Elford and H.R. Skllerud.
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DIFFERENTIAL CHARGE-TRANSFER CROSS SECTIONS FOR 0+( S) and O+(2D) IONS WITH ATMOSPHERIC GASES

D. A. Schafer, J. H. Newman, K. A. Smith, and R. F. Stebbings

Space Physics and Astronomy Department, Rice University, Houston, TX USA

Energetic -ions precipitate into the earth's subtends a relatively large solid angle when viewed

atmosphere during periods of geomagnetic activity., from the target cell, so that virtually all of the

These ions collide with the ambient atmospheric collision product is collected. 0 b

particles, resulting in thermospheric heating and The ion beam initially contains 0
+ 

in both

production of a flux of upward-moving neutral parti- ground (S) and excited (2D) states. The attenu-

ties that may escape the atmosphere. Differential ation method developed by Turner et al.
2 

is used to

cross sections for the atomic collision processes determine the fraction of ions in each state. We

involved are required to make accurate models of use a similar technique to produce a pure ground-

these precipitation events, state ion beam. The cell labelled EC in the figure

Absolute differential cross sections for charge above is filled with N+2 which has a much larger

transfer of 1.5 and 5 keV 0+('S) and 0+(2D) ions charge-transfer cross section for 0+(2D) than

with He, H, N2, 02, C0o and S02 are presented for for 0 ('S). The N2 pressure in this cell is

laboratory-frame scattering angles between 0.05' and adjusted to remove the excited species from the beam

50, The apparatus is shown, below, by charge exchange, leaving a relatively-pure

ground-state beam. Differential charge-transfer

Ilk -cross sections are then measured for both the pure U--n
PC CC VC ground-state beam and for a beam containing both

ground and excited states. Since the fraction of

T I ions in each state is known, the excited-state

era &P2 i differential charge transfer cross section is

determined by subtracting the pure-ground-state data

from the mixed-state data.

The results presented below represent the first .
Ions produced in an electron-impact-sustained measurements of differential charge-transfer cross : . '

plasma ion source are formed into a beam that is sections for excited-state O
+ 

ions with N2. As

momentum-analyzed by a pair of 600 sector magnets. expected, the differential cross section for the

Two 25-micron diameter holes separated by 10 cm nearly-resonant 0+(20) reaction is much more strong-

collimate the beam before it enters the target cell. ly forward-peaked than that for the ground state.

All ions exiting the cell are deflected by plates

DP2, and neutral products of charge-transfer

reactions in the target cell impact the position-

sensitive detector (PSD). The PSD determines the -" .

location of particle impacts on its surface to an O+(2D)CDI
accuracy of about 100 microns, and an LSi-ll micro- -. . -

processor accumulates the position information until - -- -

the angular distribution of reaction product is o., O+(4S)

determined. -

Absolute cross sections are found by measuring

both the primary ion beam and the scattered neutral "I1 . .. .

product with the PSD, after determining the relative log( LAB ANGLE, deg)
efficiency of that detector for ions and neutrals of
the same species and energy. The PSD calibration ScienceFoundation grant ATM 8023219 and by National

for neutrals is made by: (1) measuring the primary Aeronautics and Space Administration grant NSG 7386,

Ion beam flux at the PSD, (2) converting a large, References

but known, fraction of that beam to fast neutrals by 1. M. R. Torr and D. G. Tort, Geophys. Res. Lett.,
charge exchange in the target cell, and (3) measur- 6, 700 (1979); J. Kozyra, T. E. Cravens, and A.

F. Nagy, J. Geophys. Res., 87, 2481 (1980).

Ing the resulting count rate at the detector. This 2. B. R. Turner , . A.R utford, and 0. M. J.

calibration procedures is effective because the PSO Compton, J. Chem. Phys., 48, 1602 (1968).
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ELECTRON CAPTURE FROM Li(2s) BY 2 -20 keV C+, N+ AND 0

F. Aursayr, G. Lakits and If. Winter

Institut fUr Ailgemeine Physik, TU Wien, Austria

C+' N+ and 0+ each have low lying excited states, some

of them being metastable. If, as usual, metastable ion Z + Li (2s) [1Z') + UI+
beanm fractions are not known, collisional studies with 3-

such ions are subject to considrerable uncertainty. We a.
are interested whether a recently developed techniqueE ENv 0
for measuring multi-charged metastable ion beam 14 2

fractions (socalled X3C method for excitation byOO

core-conserving electron capture /Il/) is also

applicable to singly chiarged ion species. To this

purpose, the extent of core conservation during 1.
electron capture from suitable atoms as Li(2s) has to

be investigated.

fartier work on state-selective capture from Li(2s) by0

protons /2/ or INe+ ions /3/ revealed a dominant 0501520

;;opulation of such excited states, for which the E (keV) *- .

reaction energy defects are smal lest. For Capture by

(:+, N+ or 0+ from Li(2s), electron transfer into Fig. I: Total sinqle electrrri Capture cross sections t~

respiective 3s neutral states should be most probable, for impact of C+
-
, N+ or UJ

1 
on Li(2s),

brecause corresponding energy defects are smaller than vs. impact energy E.

for the other possible capture channels. Cross

sections for such near-resonant capture processes can calculations /4/ as earlier referred to. taking into

be calculated by semienpirical methods /4/, the success account the slightly different energy defects for the

of whiich is of general interest for other similar three ion species.

captue prcesss. Aart rom hisC, Nand are Further invest igations along these lines together with .f...
prominent fusion plasma impurities, which can possibly

vuv spectrosony in view to state-selective electron .,

be detected by means of Li bean-activated charge catran mtaaleinbn faton esumns

exchange spectroscopy /5/, which demands knowledge of

correspondhing state-selective electron capture cross b vn fXCaei rges -~ .
sectLions. Acknonrledprrents "o

or the present stud ies, (,+ !q+ or ()+ ion beaus have This work hns been supported by Ponds zrrr Iorrlrurr dor
l'r~~iiprouce wit~na pasm souce uppiedby ar oin wissenschacft I icien Frrrschung (Pro j. Nr. 4376r), andi lv

1- rouedwthaplsa orc Vovumnission zur foordinat ion decfriusrifrchu2 at
aovf; or vapours. It is known that metastable ion beam thre Austrian Acadhemy of Sciences.

factions can critically depend on thre ion source gfrne

suirtaue, c. eg.1) A. llrizuk Pt nal., J.Phvs.l 0

i,.I shoiws total cross sac Liours for electron capiture At .Noi .J'hr. 17(194))489

Irm11,s)b + + and (+ rqvielIhchae 2) F Anmavc. ;I Iehrrii;!r it andl '4itr, J.lhvs.fP:
Li (2s) by resectivey, nnhcli mvAt 1Io lIv.I7( 1964)41! 5,4201

-,n nzasureil fi the sane way as for I + -Li coll Iisionis )P i~ rdII itr .ly~(

/171, using the latter data at 10 kaV for Calibatin At .rfol.Phys. L)( 19R2)3/420'

Nofar, within thre presently aclrievPrl accuracy of alborfl 41 ni. lieconv, Sov.hyrs.- )1111' P3()9" r")1 .7
no liferine n te ros nctorr srowl11l.1'. Olson, Ilirys.!iev. A (n ho??) I12 --

2- 1 odfeec nte rs etossoeIo PI.F. Olson arid I.*T. Smiithi, lnhvs;.Ra. A n -Jew'
%n producing thre primary ions- from~ dilffaranrt source P..Ira awl Kh. Olsonr, 'hrys.Rev. .A I II)", I II

ri ases, which seems to support our irypotfirsis (it 5)I.iiie,(nrvA .o hlv.I)l0ii

incore conservation iii capture fromi Li (2s). Uith tire in) B.M ihrrn"hns irnil T.O. Tier iran, I-

lter assumption, we rave been aubl to eaini flir Pnrrlnr.~hl~ il

data shownr in fig. I with uen ir ircal1 7) Arimavr 1: arid lirt Pr 11, Ilirvs.iPv . A I I 3I,

. 2.
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STATE SELECTIVE AND TOTAL ELECTRON CAPTURE IN H -Li(2s) COLLISIONS (2 - 20 keV)

Friedrich AUMAYR and Iannspeter WINTER

Institut fUr Allgemeine Physik, TU Wien, Austria

Recently, the first extensive experimental available, the sum of these can he compared

study of total and state selective electron with the total single electron capture cross
+ 3capture in II+-Li(2s) collisions at impact section 010 as shown in fig. 2.1-3r i n If1

energies of 2 - 20 keV has been presented 
1- 3

. Satisfactory agreement within the combined

The investigations involved Li(2p) excitation, error limits is found and thus proves the %

state - selective electron capture into 1l(2p) consistency of our measurements.

and 11(3,9,) subshells, and direct determination --
S H-L,12s)-

of total capture cross sections. 0" Hin.l)L"

Electron transfer in relatively slow "

(v < 1 a.u.) l+-Li(2s) collisions can be 30 a,,

described as a quasi - one electron process. U'0-

and a comparison between our experimental

results and respective calculations
4 -6  

is of .

considerable interest. Thite re is- also a

practical application of this collision system - W I

for Li - beam - activated charge exchange -- ' . -

spectroscopy of magnetically confined plasmas

(see e.g. ref.l).

For the sake of completeness and to check the 0 0 • a 03

E IkeVI
consistency of our previous measurements,

ctron capture into the metastable ll(2s) Fig. 2. Comparison of total capture cross

subshell has now been investigated at impact sections obtained by either summing

energies between 2 - 20 keV: up of significant state - selective
capture cross sections or from

If
+  

+ Li(2s) - 11(2s) + Li
+  

direct measurements. - "

For detection of 11(2s) atoms, the use of both In the present contribution a detailed

electrical field quenching and dye laser
comparison of our cross section data for

fluorescense spectroscopy has been considered, various inelastic channels with all available

finally using the first methodl. Results of calculations will be presented and discussed. ~ I
these measurements are shown in fig. 1.
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DIFFERENTIAL CROSS SECTIONS FOR 30, 66.7, AND 150 keV Mg ELECTRON CAPTURE FROM He N

E. Redd, D. M. Blankenship, D. G. Seely, T. J. Gay, J. L. Peacher, and J. T. Park

University of Missouri-Rolla, Rolla, Missouri 65401 USA . -

Differential electron capture cross sections have at 0 mrad and 1.5 ± 0.2 x 10 cm2/sr at 11.5 mrad. -.

been obtained for 30, 66.7, and 150 keV Mg
+ 

colliding This behavior is consistent with the qualitative QOE

with He using the University of Missouri-Rolla Ion scattering explanations,
2 

i.e. excitation to the elec- . -

Energy-Loss Spectrometer (UMRIELS). The cross section tron capture states requires the cores to interpene-

measurement at 66.7 keV is absolute. The cross sec- trate. For the Mg+ - He system this should occur for

tions have structure consistent with qualitative R < 1.9 a.u. By using a potential given by Sondergaard ,.

3descriptions of Quasi-One-Electron (QOE) collision and Mason the differential cross section can be con-

systems. The structure is most marked at 30 keV and verted into probability vs. impact parameter. The

is least marked at 150 keV. probability reaches a maximum of 0.31 at impact

24Mg+ ions were produced in a Colutron ion source, parameter of 0.92 a.u. The probability has a broad

The ions were accelerated to the desired energy and maximum at impact parameters less than 1.3 a.u. The

collimated prior to the scattering region. The accel- differential electron capture cross section structure

erator and entrance collimation were rotated about the further implies the validity of the qualitative OOE

scattering center to determine angular scattering scattering explanations even though no quantitative

dependence. After the scattering region a magnet calculations are available for comparison.

steered the ions to the desired detector while fast

neutrals resulting from electron capture were unde- Work supported in part by the National Science

flected and struck the neutral detector. The ions Foundation.

were normally deflected to the ion energy-loss detector 1. P. j. Martin, K. Arnett, D, M. Blankenship, T. J.

but if undeflected, the ions struck the neutral detec- Kvale, J. L. Peacher, E. Redd, V. C. Sutcliffe,J. T. Park, C. D. Lin, and J. M. McCuire, Phys.
tor. Relative differential electron capture cross Rev. A 23, 2858 (1981).

sections were obtained by measuring the angular de- 2. N. Andersen and S. E. Nielsen, Adv. At. Mol. Plxs.

pendence of the neutral detector signal. 18, 265 (1982) and references therein.

If the detector efficiencies for ions and neutrals 3. N. A. Sondergaard and E. A. Mason, J. Chem. Phys.

are the same, absolute cross sections will be obtained. 62, 1299 (1975).

Using the neutral detector in four ways has the possi- r

bility of showing the detector efficiencies to be 162 "'*i"-
"

*I
-

*l*

equal. Integration of the angular distributions were Mn + ""'. - '

performed for: current mode fast neutrals, current Mg + He
mode ions, pulse mode fast neutrals, and pulse mode Mg + He
ions. Since the quotient from dividing current mode

neutrals by current mode ions is the same as dividing

pulse mode neutrals by pulse mode ions, the detection 613 El b: 6 .7 keV

efficiency is assumed to be the same for both fast v = 1/3 a. u.
neutrals and ions. These equal quotients can then be La

divided by the number of scatterers to determine the N

total electron capture cross section. u

The above procedure was used to obtain the total "" "

cross section value of 1.76 ± 0.4. x 10
- 1 7 

cm
M2 

for the 14

66.7 keV differential electron capture cross section -ZIP

shown in the Figure. The analog and pulse mode

measurements implied the detection efficiencies were

equal for Mg ions and neutrals at this energy.

The differential cross section shows a definite

structure. The cross section falls to a local minimu w co1

value of 3.8 t 1.1 x 10
-
15 cm2/sr at 3.4 mrad. The 0 10 20 30 ...

cross section has local maxima of 5.8 4.6 x 10 32/sr (mr ad)

......................................
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DOUBLE TARGET IONIZATION RESULTING FROM SINGLE CHARGE TRANSFER IN.,-0

H+. He++ - NEON, SODIUN AND NAGNESIUN COLLISIONS*

R. D. DuBois

Pacific Northwest Laboratory, Richland, WA 99352 (USA) r

Electron transfer is an effective method of pro- 2
100 key Mg Mg t.ducing target ionization in slow ion-atom collisions. 0

Most experimental studies of charge transfer observe .

only the final projectile charge states - hence only

total single electron transfer cross sections are mea- -
sured. By measuring, in addition, the final target

ionization charge state in coincidence with the final ,

projectile charge state the pure charge transfer pro- 2 M.

cess ziI0 can be separated from the processes whereMg
10

r additional ionization occurs o2,3 . Here the super-
scripts refer to the projectile initial and final
charge states while the subscript gives the final tar- -M

get charge state. It has been previously observedI  M 1
- key

that in very low energy collisions the double target
ionization channel can be as large or larger than the

single target ionization channel. This is due to the

limited channels that are energetically available.
In the present work, neon, sodium and magnesium

targets are investigated. They have a filled outer N + Mg 2+

shell, a single outer shell electron, and two outer2
shell electrons respectively. Data are presented for

target ionization charge state production due to single FLIGHT TIME

electron transfer to the projectile. Impact energies

are less than 200 keV.- FIGURE 1.

Figure I shows spectra of magnesium ions produced -w

by 15 keV 'lower curve) and 100 keV (upper curve) pro-

ton impact. Note that for the lower impact energy Mg' -14 Neon H- " a-111,1111

production dominates while at higher energies Mg2+ Sodium Magnesium

dominates. The cross sections shown in Figure 2 indi- A

cate that the relative amount of double ionization in-

creases dramatically in going from neon to magnesium. ,
This is because single ionization of neon occurs via 2p Z CIO

capture while double ionization is by simultaneous 2p 0 0  -" -

capture and 2p ionization. For magnesium, however, F "
single ionization occurs via 3s capture whereas double 1 0 -18 '.' .,

ionization occurs via 3s capture plus 3s ionization, 3s \0 '

capture plus 2p ionization, 2p capture plus 3s ioniza- * .lm
ionization or 2p capture followed by an Auger decay. X 2

For lower energies double ionization is via 3s capture U 1

plus 3s ionization while at higher energies it is 2

probably via 2p capture and an Auger process. "10, r0 P "
He"

+ 
impact data will also be presented.

*DOE Contract DE-ACO6-76RLO 1830 1 ",21 1 , 1- 111.a fl

Reference: 1. W. Groh, A.S. Schlachter, A. MUller & 10 100 10 100
E. Salzborn, J.Phys.3 Lett.15 L207 (1982) and 10 100 -..
references therein. E/K (keV/.mu)

FIGURE 2.

. . . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . . . . . .... ......... . ,. ..* . . . . . . - . . . . .. .
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LOW ENERGY ELECTRON CAPTURE BY FULLY STRIPPED LIGHT IONS FROM H AND H2 .

F. W. Meyer, A. M. Howald, C. C. Havener, and R. A. Phaneuf

Physics Division, Oak Ridge National Laboratory*

Oak Ridge, Tennessee 37831 USA " -

Measurements of total electron capture cross

sections for fully stripped and H-like C, N, 0, F, and

" Ne ions incident on H and H2 have been performed in the E C .H

*energy range 0.2 to 10 keV/amu using ion beams produced

by the ORNL ECR multicharged ion source.
1
I The experi- 7.

ment employs the ORNL atomic hydrogen gas target, a C 6 -

directly heated tungsten tube in which molecular hydro- ____________

gen is thermally dissociated. A collimation section 11 -. "

preceding the target limits the magnetically charge 2 -"-

analyzed incident beam to a divergence of ±1.7 mr, and - i-
I -m cross section inside the target. Immediately

downstream of the collision target cell, charge analysis .- 1
*H2occurs in an electrostatic parallel-plate analyzer. A I

single GEM operated in pulse-counting mode is employed 7

for particle detection. The electron-capture signal and 6 . .. "
primary beams are measured alternately for a preselected Ilk I I TI ,I .11 Ii

number of cycles under computer control, and the total =

electron capture cross section is deduced from the frac- 1 2-- a a -

tion of ions which capture an electron at a known (cali- -4.1 -

brated) target thickness. -1 4- -

Figure 1 shows the experimental electron capture 6 0-8 + Ht

cross section results obtained for the measured fully

*': stripped light ions incident on atomic and molecular P -

hydrogen. The error bars shown reflect random uncer- 6
tainty in terms of reproducibility of the measurements - X- X X, -'" '

at two standard deviations. Systematic uncertainties "

are esti'iated to be ±9%. 2

In the case of the fully stripped C, N, and 0 pro- ,

- jectiles incident on H, the present measurements can be

compared to theoretical calculations. Very good agree- -9 + H2

ment is found between the present results for C, N
7
+,7

and 08
+ 

incident and H, and the close-coupling calcula- - -

tions of Fritsch and Lin
2 

employing a modified atomic- C 6

orbital (AO) expansion. While falling systematically it I

below the AO calculations, the discrepancy is less than

20% at energies above 1.5 keV/amu, and approaches 40% at 2 2

the lowest energies measured. For C
6+ 

and 08+ incident 0 4 - 1 0 .

." on H, close coupling calculations by Green et al.
3 

and .- ...-.

Shipsey et al.', respectively, employing a molecular- 14 Ne" H .

orbital (MO) expansion are also in reasonable accord 2-
with the present results. The MO results lie systemati- - "

cally above the AO calculations by about 10% above 1.0

keV/amu, and by as much as 40% at 0.2 keV/amu. 8- - --- S -

References 6 -"""-E"

Operated by Martin Marietta Energy Systems, Inc., for 4 _ . ' , -

the U.S. Department of Energy under contract No. 00 1 0

DE-ACOS-84OR21400. " e'-.-'.-
1. F. W. Meyer, to be published in NIM (March 1985).
2. W. Fritsch and C. D. Lin, Phys. Rev. A 29, 3039 --- I

(1984). FIGURE I. Total electron capture cross sections for
*, 3. T. A. Green, E. J. Shipsey, and J. C. Browne, Phys. fl si d, .ad in ci oHn
" Rev. A 25, 1364 (1982). fully stripped C, N. 0, t, and Ne ions incident on H and

4. E. J. STpsey, T. A. Green, and J. C. Browne, Phys. H 2 ; data points with error bars - present results (solid

Rev. A 27, 821 (1983). diamonds from Ref. 7); data points without error bars-
5. R. K. Janev, D. S. Belic, and B. H. Brandsen, Phys. experimental results ot Ref. 6. Theory curves are for

Rev. 28, 1293 (1983).

6. M. N. Panov, A. A. Basalev, and K. 0. Lozhkin, atomic hydrogen; solid curves - AO calculation (Ref. 2);

Phys. Scr. T3, 124 (1983). dotted curves -U calculation (Refs. 3, 4); chain-dashed
7. R. A. Phane-u, I. Alvarez, F. W. Meyer, and D. H. curves- multichannel Landau Zener calculations (Ref. 5).

Crandall, Phys. Rev. A 26, 1892 (1982).
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10 KeV/q AI: COLLISIONS WITH H 2 AND He MOST POPULATED n STATE AND

MEAN Z VALUE FROM LYMAN SPECTROSCOPY* ,--. .J

D. Vernhet, A. Touati, P. Bouisset, A. Chetioui, J.P. Rozet, K. Wohrer

Institut Curie and Universite P & NI Curie, 11, rue P & M Curie, 75231 Paris Cedex 05, France -1

and C. Stephan .-': ,

Ingtitut de Physique Nucldaire, BP n
0

l, 91405 Orsay, France %-. % ",

12+ 13+Highly charged ions (AlI2AI3) have been recent-

ly produced at the ECR Minimafios source in Grenoble01 .

Ion beam intensities (respectively 1hA and 5OpA) are

not high enough to allow high resolution spectroscopy of

Lyman, Balmer... series which provides the full P (nL)

distribution. However information about n values can

* be obtained by recording Lyman spectra emitted after -t .,-

capture with a high efficiency Si(Li) detector

i) The most populated n state can be identified by

S""the nmvalue of the most intense direct Lyman X ray

" since coupled state calculations (2) predict always

* that P(n) and P(np) distributions maximize for the d.:..

same n values..-_._. .

,*. - (ii) The proportion of p states populated by capture 12%emitted in 12+ H

is given by the intensity ratio I (direct Lyman X rays)/ Fu La pt•cli

I till Lyman X rays). Indeed everyn I state decays

either directly (in the case of ;1z 1) or after a cas-

cade to the ls state through a Lyman emission withratios_(3_.________"__~_____

a nearly unit probability as shown from helium-like -

beanchin- ratios ( .target nm %

(iii) The mean value can be extracted from the inten- H2  6,'2 6 [2.4"0.7 3.'. . .

sity ratio of Lyman 3 and Lyman : X rays which result ______-__"- ,d -
from cascade events (4). He 6 2.4 0.8 2.9 0.1

Figure 1shows helium-like Lyman spectra recor- _

Al12+ded for Al collisions with H., target and Table I

shows experimental values for nm. percentage of p

states and ... Corresponding coupled state calculations Table 1 Experimental values of n % p, . for Al

" for P(n .)distributions are now under performance (5). collisions.

However one should notice that since two-electron

targets are used, transfer ionization ;mnd autoionizing References

double capture processes are allowed and contribute

to the Lyman X-ray spectrum. Calculations should 1. R. Geller and B. Jacquot. Nucl. Instrum. Methods

include these two-electron processes for the compari- 184. 293 (1981).

son with experiment to be valid. 2. T.A. Green, E.J. Shipsey and J.C. Browne, Phys.

Rev. A 25. 1364 (1982).

3. W.L. Wiese. M.W. Smith and B.M. Glennon. Atomic

Transition Probabilities. Vol 1. NBS 4. 1966.
4. A. Chetioui. J.P. Rozet. K. Wot-er, D. Vernhet,

P. Bouisset. A. Touati and S. Stephan, to be

published in Nucl. Instrum. 1.1ethods (1985).

oaC5. A. Salin and C. Harel, private communication. Mir-; *Work performed at CENG AGRIPPA, CEN -CNRS, 85X,

38041 Grenoble Cedex.
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Measurement of Charge Exchange Cross Sections for H
+ 
+ He He+ + H(n=3, L, 6F)

M. C. Brower and F. M. Pipkin

Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138

A microwave-resonance optical detection technique each of the angular momentum substates of the n=3 mani-

was used to measure the partial cross sections for fold. .

charge capture into the individual Z, m states of the The velocity of a 50 keV proton is roughly ac. The

n=3 manifold of hydrogen by 50 keV protons passing scattering at this energy lies midway between the low

through a helium target. The method is similar to that energy regime described by molecular orbital methods

used earlier for measurements of charge capture by and the high energy regime described by the Born

protons from N2 and H2 targets.
1  

A number of improve- approximation. The measured cross sections decrease as

ments were made so that one could determine with greater increases and for each 2 they decrease as m, increases.

precision the small partial cross sections for capture This qualitatively confirms the results of coupled state
into the D states. calculations

2
'
3 
and of other more conventional calcula-

tin4'5 ioninldsteurorr 6

Figure I shows a schematic diagram of the experi- tions if one includes the Burgdorfer post-collision

ment. Neutral hydrogen atoms formed in the target pass interaction corrections. Detailed comparisions will be

through a radiofrequency interaction region which can made with the theories and measurements of the density

drive transitions among the states in the n-3 manifold. matrix for charge capture into the n=3 state by Havener,

After emerging from the rf region, the Balmer-j light et al.
7

emitted at right angles to the beam by the atoms is This research was supported by National Science

observed with a detector consisting of a narrow-band Foundation Grant PHY84-10330.

interference filter, a rotatable polarizer, and a cooled

RCA 8852 photomultiplier tube. The fractional change References

1. R. J. Knize, S. R. Lundeen, and F. M. Pipkin, Phys.in light detected when the rf field is switched on is R.J. An29, 14 (.RL,'. A 29, 1114 (1984).
proportional to the difference in population of the 2. T. G. Winter and C. C. Lin, Phys. Rev. A 10,2141 . -

states coupled by the field. (1974).

3. R. Shakeshaft, Phys. Rev. A 18, 1930 (1978).

cup 4. M. Lieber, University of Arkansas (private communi-

* V ~ . 7 -.Ficl .... cation).
cll-" I = -D c 5. L. J. Oube, Albert-Ludwigs-Universitat (private

communication).

-- .- 6. J. Burgdorfer, Phys. Rev. A 24, 1756 (1981).polarization polorizer
7. C. C. Havener, N. Rouze, W. B. Westerveld, and

J. S. Risley, Phys. Rev. Lett. 53, 1049 (1984).
Fig. 1. Schematic diagram of the microwave resonance

optical detection experiment used to study
charge exchange collisions.

Two principal transitions are studied, the 3 2 -
Z 2 32
3 P transition near 2940 MHz and the 32P 32D

3123/2 5/2
transition near 1080 MHz. The rf region is designed to

be rotated so that the electric field is either parallel

or perpendicular to the beam direction (the axis of

quantization), making it possible to drive either lmx 0

or .'.m 1 transitions. The rf region can also be

rotated close to or far away from the target with the

field remaining parallel to the beam. In addition, the

optical polarizer in the Balmer-A detector can be

rotated parallel or perpendicular to the beam direction

in order to distinguish between xm = 0 and -m

decays. The total of twelve independent measurements

(two transitions, three rf configurations, two optical

polarizations) provide sufficient information to de- - _

termine the relative cross sections for capture into

• ...+ :- ::-. .. ........... .... '..... . .. .. .

~~~~~~~~~~~~~~.....- ..:- .-. +:1......... ....... ............ " " '• .. .
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CHARGE TRANSFER IN H + Na COLLISIONS

R. Shingal, C.W. Newby, C.J. Noble , D.R. Flower and B.H. Bransden - ,

Department of Physics, University of Durham, South Road, Durham DH1 3LE, U.K. .. t
h

Daresbury Laboratory, Daresbury, Warrington WA4 4AD, U.K. N. '.i..

A number of theoretical1-3 and experimental
4 6

results have been reported in the literature for charge F. .

transfer in collisions of protons with sodium atoms. . -- '

The theoretical studies are based either on travelling

molecular (O1) or atomic (AO) orbitals. The

calculations differ markedly in the energy range over ; --

which they overlap, as is also the case of the

experimental data. +

We have reinvestigated the H + Na collision

7process using a semi-classical impact parameter method

An atomic state expansion centred on the two nuclei was
10 ............

used to represent the wave function of the system. 01 10 100 tO00

Plane-wave translation factors were included in the Ltortory energy (keV)

calculation. The valence electron of the sodium atom is

assumed to move in an effective potential representing FIGURE 1 Total cross-sections for H' Na * H Na+.

the core electrons. The Hamiltonian for the system can Theoretical cross-sections: - , 16-state atomic
expansion present work. Experimental cross- ,

thus be written as sections: z, Anderson et al.O

H r - A ff(rB) References

where A and B are the projectile and the target nuclei, i. M. Kimura, R.E. Olson and J. Pachale, Phys. Rev. A26,

respectively. The effective potential, V ff(r), is taken 3113 (1982).

to be of the form 2. C. Kubach and V. Sidis, Phys. Rev. A23, 110 (1981).

B - Z 2 3 y kL) 3. W. Fritsch, Phys. Rev. A30, 1135 (1984).

Vef (r + s4k!r
s=l k=0 4. T. Nagata, J. Phys. Soc. Jpn. 48, 2068 (1980).

Here, z1 and a are the K and L shell charges. The
2 5. I.K. Berkowitz and J.C. Zorn, Phys. Rev. A29, 611

* parameters s are variationally determined. A basis (1984).

set consisting of a large number of Slater type 6. C.J. Anderson, A.M. Howald and L.W. Anderson,

orbitals is axed to represent the target atom states. Nucl. Instrum. and meths. 165, 583 (1979).

Thzs ensures that iven the choice of effective
7. B.H. Bransden, 'Atomic Collision Theory', 2nd Edn.

pctential, the Slater orbitals are able to represent a (Benjamin Cummings, N.Y.) (1983). -.

,+" considerable number of bound states of the sodium atom.

8 8. G. Peach, Comments At. Mol. Phys. 1, 101 (1982).
A model potential due to Peach was also used.

Preliminary calculations of charge transfer cross- 9. W. Gruebler, P.A. Schmelzbach, V. Konig and
H. Marmier, Helv. Phys. Acta 43, 254 (1970).

secions f-r the impact energy range 0.5 - 20 keV,

using an expansion consisting of n = 3 states on the

tarcet and n = 1-3 states on the projectile show a good

aureement with the experimental data of Anderson

et al.
6 

(Fig. 1) but not with the experimental data of

G ruebler et al. .

-." '--
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"HEISENBERG CORE" IN CLASSICAL TRAJECTORY MONTE-CARLO CALCULATIONS OF IONISATION AND CHARGE EXCHANGE * ,. ,'

D. Zajfman and D. Maor

Department of Physics, Technion, Haifa, Israel

The classical trajectory Monte Carlo (CTMC) method )."

has yielded results for ionization and charge exchange 10 p+He-. -'' '

in a single electron collision system (bare nucleus on . ..

ItH atom) which are in good agreement with experiment with- 6-s

in a defined range of projectile velocities
1
'
2
. For 4 0 CTm,

targets containing more than one electron, usually the
• N o CTUC2 .

so-called independent electron approximation has been E 2-

applied
3
. In this approach, electron-electron interac- -

tions are neglected, except for an average screening of 10.1.

the nucleus. Agreement with experiment is not very good. 4 "-" .

We report on full four body CTMC calculations of 6

cross sections for single and double ionization and 4

charge exchange in collisions of bare nuclei (p. He) 10 20 40 6080100 200 400 600
with He atoms. Following the work of Kirschbaum and E keV)

4Wilets we add to the target nucleus the potential: Fig. 2 Single electron loss cross section for p - Ile

2 (r1 p\
4  

Similar calculations were performed for p-lle. In J
*(Pi.ri r = (- -) exp [a (I - ) ( compliance with available experimental data, we show in '-=

a r6
Fig, 2 results from the experiment of Du Bois et al.

6 
and

e present calculations (CTMC) for the single electron loss
distance of each electron relative to the target nucleus.

Thispotntil cusesr, , wth he eualty ign cross section. Good agreement is obtained up to -100 keV,
This potential causes ri p. ,

' 
with the equality sign above that the calculated results are too high. Fig. 2

holding for the ground state. The reason for imposing .-.- "-...'contains three additional points designated CTVC2. These

this constraint, which is practically the Heisenberg were obtained when a potential of the form (1) was also

principle, is that the ground state of the He atom is added to the proton. The reason for this is: the physi-
4classically unstable . The value of is obtained from cal meaning of the constraint imposed by (1) is to prevent

Hartree-Fock calculations for the He ground state, a is binding of electrons below the quantum-mechanical ground

called the hardness parameter and we find our results to state. It thus constitutes a "Heisenberg core" around the

be independent of it for . SO. nucleus (in analogy with the Pauli core in identical

Fig. 1 displays the "apparent cross section" for fermion interactions). As can be seen in the Figure, add-

target ionization (charge integral of target ions) for ing this potential to the proton reduces the calculated

the collision lie le measured by Puckett et al. and cross section, seemingly in better agreement with the data. - -
calculated here. The agreement is seen to be very good. Additional results of calculations using the "Heisenberg

core" will be shown.

10-15 He* - He References

1. R. Abrines and I.C. Percival, Proc. Phys. Soc. 88,
861 (1966).

6 a " Experiment
2. R.E. Olson and A. Salop, Phys. Rev. A16, 531 (1977),

0 CTMC 3. R.E. Olson, J. Phys. B: At. ,!.olec. Phys. 15, L163

4- (1982).
E Au 4. C.L. Kirschbaums and L. ilets, Phvs. Rev. A21, 834

(1980).

' 5. L.J• Puckett. G.O. Taylor and !.W. Martin, P'hs. Ret.
2 18, 271 (1969).

6. R.D. Du Bois, L.II. Toburen and M.L. Rudd, Phys. Rev.

A29, "0 (1984).

50 100 150 200 250 300

E (keV/omu) -
*- *.:Y*..,

Fig. I "Apparent cross section" for target ionization .
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SINGLE ELECTRON CAPTURE IN Li
3+ 

- He COLLISIONS

L. Opradolce, C. Falc6n and I. Casaubon

Instituto de Astronomia y Fisica del Espacio, C.C.: 67, Suc.: 28, 1428 Buenos Aires, Argentina

We have calculated total cross sections for the colli- d'ordre 1602.

sional reaction, 4. Wirkner-Bott I., Seim W., Muller A., Kester P.,and
L + 

2
)
1  

2+ 2 Salzborn E. 1981 J. Phys. B 14 3987.

5, Susuki H., Kajikawa Y., Toshima H., Ryufuku H and
in the impact energy range of the Li projectile Watanabe T. 1984 Phys. Rev. A 29 525.

-4
1.5 10 - 43 KeV. We have adopted a molecular descrip-

tion of the system in which only one electron is active.

This electron is supposed to move in a combined field
3+ +. . . . .

of a bare Li nucleus and a He+(ls) core. We have

represented the electron-He+ core interaction by a ++ ++.4.
model potential +. "
The electronic eigenenergies and eigenfunctions of the "
(LiHe)

3+ 
molecule were obtained by a variational method

2
,3 

z

using a basis set of Slater-type functions. Close coup- t • .

ling calculations employing a seven-state diabatic mol- s%

ecular basis were then performed in order to compute %

the exchange cross sections. For energies greater than 7

90 eV the transitions amplitudes were computed using,-

the impact parameter approximation. Below this energy a

full quantum mechanical method was employed to calculate .• *

the scattering S-matrix. The diabatic basis considered .1 .

includes, other the entry channel, two molecular states IMPACT VELOCITY 8c/sec)

(-2,"TI ) leading at large nuclear separations to Li2+(n=2) .tj
and four states (z ' E6 ,'W2  Al ) connected in the Figure 1: Total cross section for single

same limit with Li (n=3). For the energies here inves- electron capture in Li 
+ 

He collisions.

tigated, electron capture takes place, predominantly, 7-state calculation (this work)

into the Li 2+(n=2) atomic state. At very low energies Landau-Zener (this work)

the reaction occurs via the avoided crossing at 8.5 a0  + U.D.W.A. ref (5)

between the entry channel -4 and the Z2 state. How- N Experiment ref (4)

ever for the energies considered in the experimental

work by Wirkner-Bott et al. we have found that an inter-

pretation of the capture mechanism in terms of the

crossing is not valid due to the diabatic behaviour of

the transition amplitude at that point. In the figure

we show a Landau-Zener calculation including the two

states involved in the crossing to illustrate this be-

haviour. This explains the apparent contradiction pointed

out by those authors when experimental cross sections

for the present system and for Li3+ H2 are compared.

Our close coupling results are shown in the figure. A

very good agreement is found with the experiment.

* References
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3. Hanssen J. 1980 These, Universit6 de Bordeaux I, n-

Z'. . . ". . . . .

................ ....

..... ..... ....... ' . -....-...... ....-....-.-.-..-....-. ,~~~~~~~..... .- .-.... .. ,....... .. _. ... .. ... .. ... .. .. .
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EIKONAL CROSS SECTION IN PROTON-HEL>!iM ELECTRON 'A?T RE7?RCSSE2 %

K. Kobayashi, N. Toshima and T. Isnihara

Institute of Applied Physics, University of Tsukuba, Saicura, ibaraki 505, Japan

The eikonal approximation has been applied L ..-

successfully to various fields of high energy collision

processes. Recently it has also achieved great success

in electron capture processes of bare ions colliding H'+He-H+Hi

with a hydrogenic target. Application to multielectron 293keV

targets has been made using a rather crude approximation 
' V..

of a single-electron model, in which the electronic orbi-

talj are described by hydrogenic wave functions with a -

fractional effective nuclear charge. E

We calculate the electron capture cross sections for
C

H , He - H + He treating the passive electron 'not a-

transferred, explicitly in a distorted-wave formalism 1V13

based on the eikonal approximation. The distorted wave

satisfies the time-dependent Schr~dinger equation*. - •-.. -. -

:f + V, ,=o\ '

16-

ii is the channel Hamiltonian corresponding to tne final

state and the distortion potential V, is chosen as the -" . •" *

common part of the interactions in the initial and the " .

final channels. V) consists of two terns, the internu- h.- . -

clear interaction and the interaction between tne passive . - -

electron and the proton. The transition amplitude at an 0 O 0 O fjA:o
impact parameter b is given by Scattering angle (deg)

A -i fb) t < IXV V T > Fire I. fferenttal cross seu'%.ons at 293 ceV.-

eikonal 'with full interactions, --- eikonal without t.

where a. is the total wave function derived from the the bneeraction btween nie passive electron ar,d tne

initial state at t -. We apply the eikonal approxima- prtor, - Be .

tion to both X, and Y..

In :ig. 1, we present the differential cross sag-

tions at energy of 293 keV. The agreement with the - e in-egrs : :'.o s . ors sgt're # -. -

experimental data
2 is very good. ir order to see toe a'.'-aze ex-er,' al :a-- r'

effects of the passive electron we have carried oat nigner -. , . ..,.. ens a'4r+.:. .

calculation omitting its interaction with the incident 1 to' ;7.'g re S:st:'n; [7'- ,,

proton in The results are also shown in this fogure. ... , . .

The shape of the differential cross sector. is affected

appreciably by this interaction. On tie other hena. ie ?efere.. ... . V ..

integrated total oross sections are not sensi. n . .

interaction, the neglect of whoch Oonreases th5 :: by 2 - . r . . .". .. . .

12 and 5 at incident energies of II eel '. ., . . , -. . " , ' . "

and I MeV, respectively. Zomparso. with the 0 A appro- ' . .

3rimation is also made in this figure. In "his -
tion, a distorted wave approach simlar to oirs 3 era-

ployed but the static potential av eraged over tre

electronic state is used in place of the pure -oulombic

interactions in V

....................... ,... . .

•... ,°°%.. ... '°.-. •,.. . .. • . . . ..... " ° . . •..... . . ,° %.... %%.. . °•...-.. "
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2p - 2s VACANCY TRANSFER IN Ne + Ne COLLISIONS ," "
"

IN THE ENERGY RANGE OF 5 - 500 keV

A. Toepfer, N.J. Lidde, B. Jacob R.M. Dreizler

Institut far Theoretische Physik der Universitlt

Frankfurt am Main, Federal Republic of Germany

I%
We suggest to solve ion(atom)-atom scattering problems and we calculate channel (i-f 1) o(if2.

involving a larger number of electrons by a two step sinc: We assume that instead of f, only the projectile

procedure: subconfiguration (Us I p6 ) sidentified by measurement

of the radiative 2p-2s transition, while the target can

In a first step we determine the effective screening be in any state. Correspondingly instead of f2 only the

during the collision process by solution of quasimole- target suhconfiguration (2s
1 

2p6)T

cular extended Thomas-Fermi equations. I With the aid of calculate the inclusive cross sections

effective (Hartre-Eock type) single particle potentials inc = (i(2s 2p6)p) (i (2sI 6 7-

constructed from these solutions we then calculate the 6 5

time development of toe orbitals, which are initially Experimental cross sections are normalised to the

occupied in both target and projectile• value at 200 keV of Ref. 5, in order to circumvent the

question of absolute cross sections which does not seem

In practice the second step is carried through by to be settled. Our calculated cross section Uinc (reduced

diagonalisation of h __ as a function of the inter- by a factor of 0.33 to fit the experiment at 200 keV)

nce e fition orelin reproduces the energy variation of the experimental crossnuclear separation in order to generate correlation"-""..

diagrams and a suitable quasimolecular basis. The time section very reasonably and somewhat better than °channel

dependent problem (including the effects of radial and (reduction factor 0.41). The discrepancy in absolute

rotational couplings) is then solved in terms of the value remains to be discussed, however.
3

basis (augmented by translational factors) generated.2

In order to extract relevant physical information from 6[CM

the solution a projection of the total final wavefunction, 0_(2 ,s?"

given in the form of a Slater determinant, onto wave- 
'

functions representing final channels is required. - - - -- -"- -'- -

Transition probabilities can be calculated in terms of 10

determinants of the one particle density matrix.4 In-

elusive probabilities can be discussed in turn. 
.

o

10 g

In figure I we indicate the results obtained for the'-

system Ne + Ne in comparison with experimental informa- '9

tion available ',,7for a basis set of 18 molecular 10 0 100 200 300 400 500 E[keV.
orbitals, from which in the separated atom limit the Fig. 1: Cross section for the 2p-2s vacancy transition -)
atomic orbitals Is, 2s, 2p, 

3
s, 3p of both target and in the Ne+ + Ne system. Experimental points from Ref.

5-7, calculated cross sections: see text.

projectile can be constructed. The initial state is References
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2  

s
2  
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butrdstatisitially inhe mgntepoeictu e r. H dPhys. Lett. 93A(1982)18

butd statistically in the magnetic quantum number•.. H.J. Ldde, R.M. Dreizler, J. Phys. B18(1985)107

. R. Hippler, K.A. Schartner, J. Phys. B8(1975)2528

6. T. Andersen, E. B0ving, P. Hedegard, O.J. Ostgaard,

The theoretical cross sections given, correspond to the J. Phys. B11(1978)14
4 9

fo owing situation: channel: We assume that the full 7. E. Bloemen, H. Winter, F.J. de Heer, R. Fortner,
A. Salop, J. Phys. BI(1978)4207.

final configuration of the 19 electrons is identified as

2 I 6 2 2 6 IK
fl (s 2s Zp ) (Is 2s 

2
p ,

f, 6 ) (I
2  

2p)T 2'I. .

.... 
-%. 

........

3 
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COMMENT ON H + He -H
° 
+ He 

i
+

J. H. McGuire

Department of Physics, Kansas State University, Manhattan, KS 66506 USA

Since the double ionization of helium is a two tile charge, Zpwhile R is independent of Z we sug-

electron transition, understanding of few body transi- gest that the ratio I may have a different energy

tion mechanisms is required to analyze double ionization dependence for incident alpha particles than for inci-

data. Furthermore, since single ionization is fairly dent H
+
. Furthermore, at the higher energies shown in

well understood at high projectile velocities, it is the figure, interference between R and D mechanisms may ' ,

both natural and sensible to consider the double ioni- occur for alpha particle impact. Studies of differen-

zation of two electron targets such as helium. tial cross sections in momentum transfer or ejected

Studies of double ionization by photons have lead electron energy may also be useful in sorting out these

to a final state rearrangement (R) or shakeoff picture double transition mechanisms.

for double ionization. In this picture, after the first I gratefully acknowledge discussion with E. Salzborn

electron is removed, the wavefunction of the second and A. Muller, who have recent data for H+He-qHO+He+i.

electron readjust itself and there is a finite proba- This work was supported by the Division of Chemical

bility that the second electron ends up in a continuum Sciences, U.S. Department of Energy.

state, i.e. double ionization. In this picture at high

photon energies, the cross section for double ioniza- Reference

tion, ', is proportional to the cross section for I. F. Horsdal-Pedersen and L. Larsen, J. Phys.
1ii R i B. 12, 4085 (1979).

single ionization, , namely , =R- . For photoioniza- -

tion of helium R 3_.

In double ionization by charged particles, e.g.

H
1
+He4i++He+

2
+2e

-
, it is possible for the projectile to

interact directly with each electron, so that (in the

simplest picture) the probability for double ionization

P is equal to the product of the probabilities for

ionization of each electron, P '=P P. This is called 005

direct double ionization (D). The rearrangement mechan- 00 __ , .

ism (R) is also possible, and at sufficiently high ;_ 0"-03-- --. r ---i-1--
velocities R dominates over 0. Furthermore since R and a;

D lead to the same final state, interference between R ".002 . ,

and D is possible. We also note that in helium due to

final state correlation the value of R for charged x

particles is about an order of magnitude lower than for

photons. 50 100 200

In the original studies of H++He-H °+He+2+e by Energy (keV)

Horsdal-Pedersen and Larsen,
I 
it was found that above 50

keY . is independent of energy suggesting that the Figure I Ratio of double to sinile ionization versus 7energy for H++He HO+He i. R represents final
R mechanism is operative. Furthermore the value of R is state rearrangeient and D direct double ioni-

about 3, ie. the same as for photons. Horsdal-Pedersen zation.

and Larsen point out that in both photoionization and

capture at high energies, one electron is rapidly removed

from the system so that final state correlation is . .-. -

minimized. Hence it may not be surprising that R is the

same for photons as for the capture channel.

In our opinion, the analysis of Horsdal-Pedersen

and Larsen is quite sensible. However, a simple esti-

mate of mechanism D indicates that D may not be neglig-

ible, as illustrated in the figure.Since in the ratio

oi/i mechanism 0 scales as the square of the projec- -N'

. -. . . . . .
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CHARGE TRANSFER IN TWO ELECTRON SYSTEMS

IN THE TIME DEPENDENT HARTREE FOCK PICTURE

W. Stich, H.J. LUdde and R.M. Dreizler

Institut fdr Theoretische Physik der Universitit

Frankfurt am Main, Federal Republic of Germany

Following previous workl on the collision system In Fig. I we show the cross section for one electron r
2+ 3+ 2.

He + He we have investigated the systems H+ + He and capture in Li + He(1s ) in comparison with the results

Li3+ + He within the framework of the TDHF picture. In of Wirkner-Bott et.al.5 The present results for the two

particular we calculate global charge transfer cross electron capture channel, for which no experimental

sections for the channels information is available, are also indicated.

H~+ Hel
2

H + He(Is
2
) H(:nl) + He+(Znl)

+ He(lnln'l')

Li + He(s
2
) Li+inmn'l') + He

2+

2++
Li (Enl) + He+(Enl)

3+
Li + He(Znln'l')

in the energy range of 5-40 keV/amu. The TDHF equations

for the time development of the orbitals are solved by

basis expansion techniques (144 state Hylleraas basis)

with the aid of predictor-corrector methods. The effec- . -

tive potential at each time step is obtained by solving

Poissons's equation, also in terms of basis expansion. ,

Global cross sections are extracted with the half space

projection technique outlined in Ref. 2. A

Fig. I; Total cross sections for one and two electron

In Table I we indicate the cross section for one capture in Li + He(ls one electron capture;

+ 2
electron capture in H + He(ls in comparison with the A experimental results of Ref. 5, A present

3
experimental results of de Heer et al and Stier and theoretical results

Barnett two eletron capture: present theoretical

results.

EnergyrkeV] Ref. 3 Ref. 4 Theory In both systems we find very satisfactory agreement

of theory and experiment at the level of the global

10 1.15 0.95 0.95 quantities. The resolution with respect to individual

20 2.21 1.8 '.8 excitation - and charge transfer channels remains to be

30 1.75 1.7 1.52 peiformed.

40 1.35 1.4 1.4
References
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A UNIFIED AOMO EXPANSION TREATMENT OF p-H, C + H AND p-He COLLISIONS

M. Kimura, and C. D. Linh %

*r
Joint Institute for Laboratory Astrophysics, University of Colorado and

National Bureau of Standards, Boulder, Colorado 80309 . ,-

+Department of Physics, Kansas State University. Manhattan, Kansas 66506 _

Theoretical models for the investigation of agreement with these calculations. The comparison * -J t

inelastic ion atom collisions have been based mostly will be presented at the meeting. " .

upon the close-coupling expansion method in the impact (2) Partial electron capture cross sections in

parameter approximation. The basis functions used in C
+ 6 

+ H collisions. This collision system has

the expansion are either the molecular orbitals (MO) of been studied recently in a 33-state MO expansion

the collision system or the traveling atomic orbitals and in a 35-state AO expansion. The capture is

(AO) of the two collision centers. The traditional MO predominantly into the n - 4 states for collision

expansion, known as the perturbed stationary state energies in the 0.2-1.0 keV/amu region. Although

(PSS) approximation, has the problem that the expansion the total cross sections are in reasonably good

is not Galilean invariant. Various forms of electron agreement in the two calculations, the MO model

translational factors (ETF's) have been proposed to predicts a relatively larger contribution to the n -

resolve this difficulty. From the AO expansion 3 states. In our present calculation, we used 23

viewpoint, a modified AO expansion (AO ) and a NO's in the inner region and 26 AO's (n = I and 3

triple-center AO expansion where united-atom's atomic of C and Is of H) in the outer region, the results

orbitals are included in the basis set have been for the n - 3 states are in good agreement with the

investigated in recent years. conclusion from the AO expansion, For the total

Recently a different approach has been cross sections, the present results also agree with - .

suggested.
1
.
2  

By recognhzing that it is desirable to the most recent experimental data from Phaneuf.

adopt an expansion s~ing MO's in some inner region to (3) Excitation and charge transfer in p-He

.account for the relaxation of the electronic orbitals collisions. This system has been the favorit, of

and using traveling AO's in the outer region to account many experimental studies. Ah in'tc, calrulations

for the translational motion of the electron, a unified so far are unsatisfactory. particularly for -A
AOMO expansion was proposed. In this method, the excitation or capture to the excited 2s and 2p

time-dependent wave function is expanded in terms of a states in the energy region from 1 keV to 23 keV.

set of traveling AO's in the outer region which is We have employed the unified AOM matching

integrated to a certain internuclear separation R.• procedure to this sy-stem. To got decent rasults,

At this point, the wave function is matched to an the molecular correlation diagram for the p-H has

expansion using MO's without ETF's. The resulting to be reproduced acruratelv. We have invest igated

coefficients then serve as initial conditions for the the charge transfer prohablitins, the partiAl ,ix

time integration (in the MO basis) in the inner region sect ions. the alignment pr..r.mtors f, t ttui"n

to another internuclear separation RI (we usually and charge transfer to s al 21 star-,%. Th'-

choose R -R where the wave function is matched to.results will he p...e.... 4' Ac .. . . . "'

an expansion using traveling AO's. Integration fro, This woc is sp.-I : ' lhi

R, in the traveling AO basis to a large internuclear Dlp'rtment of frerg'. l)s,, "' 'h. , or.

separation then allows the extraction of scattering

amplitudes. A'.feren- ,"

This model has been applie d to study charge . M.h Kimlra an'l C 0' i.('. 1.. i. Fh . -s-

transfer in p-He and in He + H collisions. In 2. T. C, i- N. F .>s'. It,.. P--k

this contribution, we report the application of this a - p.lis. 1 --,i-
3. 1. A . G - - .; L . 1. -1 -, i . . r , ,'

general method to three collision systems: 3 h. .A. , 2",. -(rs- Aj l "-o-,

(I) Excitation and charge transfer to 2s and 2p 4. W. Ft its' at - T. ir: - ( , ,. F.,-. A
3030 :9,.

states in p-H collisions from 1-15 keV. This -vst.m 3. , , Phan-,f ti. . -- ',,i t'.., '',- ,

has been studied in recent years using a large

basis set in many elaborate close-coupling 4r-
calculations. Our results for the partial cross

sections to 2a and 2p are in general in good

.. .. . ..... . ..... ... . . .. . . .. . .
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ATnmIC43gRITAL FXPANSInN REPRESENTATION OF ELECTRON TRANSFER [N TWO-ELECTRON SYSTEMS

W4olfgang Fritsch* and Chii-Dong Lin+

* 9erpich Kern- und Strahlenphysik, Hahn-Meitner-lnstitut Rerlin, i'3j1OfO Berlin 3q, West Germany
+ Derart'nent of Physics, Kansas State University, Manhattan, Kans?,n 66606, lJ.S.A.

*In theoretical investigations of electron transfer from molecular structure studies. We have, however, chos-

in 'Quasi-)one-electron ion-atomr collision svstemis, the en to general ize molecul ar-structure express ions deri ved

Se- C I sSI ICa' Cl1OSe-CDUnI Ino 'ithod w t'h atomi c orbital s in ref. 6, which are based on the Neumann expansion of - . -

'A~lbasi set haspeerproen a ver effctiv andre- 12. The final expression is essentially a sum of fold- .**

iatI'e. I 'ni5 'm-etno! 'us oart icu'IarlIy Su it -d for appl icat - inq Integrals over functions, each of them accessible by

or to d is tant colli 1s ions and for the extract ion of part - qethods known from one-electron problems.
a' cross sect ions for transfer into 'nliil projectile

s ,bshel Is, and calcul ated results compare favourably 0" He

witn ex:OPri"erta' dlata
3 ftypically over two orders of -etra~sfe, ixivi -

"3aG',t I- I cnI is'or energy) wherever avai lable. With I,

s~, 'o d'cations by united-atom orhitals (An+ ------ ad FIGURE 1:

-ohlcia l cross sections have been calculated in 3d~One-electron

.5 " Sntoo, and have been found to agree well 3- . tnsfer Cli
w't .'c'~-'mnt. Another not unimportant merit of the

CO -xnarsi'in -ethod is its technical simplicity which iosaeetx

'sf~r in easy adapt 'on of multi-channel problems. 3-/ / 092

ntnis wxwe investigate the apolication of the / ;ixxxnx et al (19851

- exptanson method to two-electron systems. We start

f -i. set fK travelling two-electron orbitals

D. r r' - c 1 rj) 1,Cjr exp(tiv(rlvr2)/2) 1 )~'iv~e'~,iei'.

Fia. I shows results of calculated one-electron
'' r are r the coordinates of the two electrons, in- transfer cross sections for O6'+He collisions. Total

Ccx , eie tn atoic entr wth wich~ mestransfer agrees well with experimente The calculated
t ce cc sion velocity, the ±signs depend on the partial transfer for n=3 0 e orbitals is fairly close to

tn sac',c,, and the opierator P (anti-)synrmetrizes the data 6 w ith deviations of the same order as encounter-
waveuncionaccodin tospinsinleted for one-electron systems 3. The measured population ot

tr'oeliconitins.The ainltoianHP=4 orbitals at low energies is much larger then in the

H Hl(l + HD(?) + I/r1 2  (21 calculations and does not seem to be compatible with the

's he ~Jnof iltheHamltonanof lecroni wth molecular energy diagram for this system. A one-electron

'esi)ect t,- the two nuclei (or atomic coresl, and the potential representation for He leads to results very

.1Ptrgn.P'ectron interaction I/r12. With the electron different from those presented here. We expect that -lore

* vie''nct'inexpnde n pproriaelychoen 111) bsis results will he available at the time of the conference.

sotI, withn .a-iltinlan (91n0 ih1 uvdlieItr This, work is supported in part by IS Depiartment of

r C yar traiectnrv, the tine-dependent Schrbdinoler eguat- Peferev nd y es eac Grn - " -d

5 5Si' wt~i'i heh
3 5 5 

sac wihpj frthr a- . W. Fritsch and C.13. Lin, in Electronic and Atomic

P ,cs -at 'ons. :r tn'; 'e,,oect we differ fro-' recent work C ol1 1 is ioex-, e d s. .1I. E ic hle r -etal . (No rth- Holand,

at -,rov e n-o-s neyr the translational factor (ETP) Amstqrdam,, IqQ4), p. 331.
9. see, e.g., W. Fritsch and C.Dl. Lin, .J. Phys. B 17,

* *v- 'n 5C~pCvmt~d'intheevauaton f te 371 lIgnal. Phys. Rev. A 2R, 3030 (19R4); W. Fritsch,
-atelx. cr-c the final occupation amplitudes of Py~Rv 0 34(9'T

nia's '~nrt Ia' a'i total cross sect ions are denyv- 3. n. Ciric, n. Oijkkanp, E. Vlieg and F.J. de Heer, ..
Phvs. B 1q, L17 110851.

is is4. .4. Fritsch and C.D3. Lin, Phvs. Rev. A 27, 3361 (1993).
n tine co.,r'se "K this invest igat ion, moYst of the 1;. R.H. 9ransden, A. M1. Ermolaev and R. Shinaal, 1. '-

oa'iercaleffrt nd the rompul'ng time is devoted to the hs617415(94
6. F.L. Mehler and K. Rudenberg, J. Chem Phys. 50, 2575

041iat inn of -.at-,'x elements of Hami Itonian (2) . Among 11960).

those the -ost difficult is the matrix element of 1/r1 2  7. T. lwai, Y. Kaneko, M. Kimura, N. Kobayashi, S.
Othani, K. Okuno, S. Tagaki, H. Tawara and S.

uetwenin orbitals oostioned at different centers since TuuuhPy.nv 6 0 181

there the ETr term precludes the direct use of methods nQ h. hijkkamp et al., 'J. Phys. R IP in print.
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CONTINUOUS ENERGY STATE MODEL FOR CHARGE TRANSFER IN COLLISIONS OF FULLY STRIPPED
IONS WITH HYDROGEN ATOMS "-. "

Fumihiro Koike

School of Medicine, Kitasato University, Sagamihara, Kanagawa 228 Japan

Recently, a continuous energy state model was

proposed
1 

for the charge transfer process:

+l() A(Z-1)+ + c",I
A+ , (1) "J"") ""

whe:t and z represents an atom and its atomic number,

respectively. In the present paper, the formulation is 10 26+

improved and the numerical calculation has been extended Fe + H

to include the higher-z ions.

The probability amplitude for finding the system in .

the initial state, a0 , is given by the overlap of the -- o.5

initial state wavefunction *0 with the total wavefunction ',.

i.e., a0 =< 0t>. If is expanded in terms of the 0cc

final state wavefunctions, y., as Y=fqa yq and also if Yqq

satisfies the semiclassical time-dependent Schroedinger 10ION IMPACT ENERGY ke~amu """" "

equation, i.e., H =i(l/lt)r, we can derive the following I I ENERGY

coupled equation by differenciating the present overlap 0.1 10 '00

integral with respect to the time t. We have Figure lb

ho = -if q<q H-il/lt O> a'. (2) In order to facilitate the large scale numerical

It can be shown 2that we can solve equation (2) with calculations, the use of a super computer, HITAC S810/20,

has been made. In figure la is shown the total electron '
respect to a0 to the lowest order without any knowledge 14+

about a' if we employ the continuous energy state model capture cross section for Si + H system with the
q available experimental data for partially stripped ions.

for the final states. We obtain The agreement between the theory and experiment at z=14

ao(t) = ex [-ift?*dt], (3) suggests the validity of the present method for higher-z

where E, is the resonance energy that may be a complex ions, because the present method is based on the high-zwhr""i h e o a c ne g h t m y b o p e ap prox im a t ion . Th e resu lt fo r Fe 
2 6 +  

+ H sy s tem is [ i [ i ' [ i-

% number. The final state component is given by /-ao O,

.and this may be expanded in terms of 4q as T-a0 O=fqaq . illustrated in figure lb as an example of high-z system.

In figure 2, the electron capture cross sections into theThen we have the following coupled equations for aq

states with the specified principal quantum number are
which are solved numerically. That is14+

given for Si + H svstec with other theoretical results.1q= - <yVoiH-ia/)tjVq ao  -it<Vq l- / q> aq, (4)= - - '--'. .- .
* q O q q q q 2 .4 )~~.Si

1 4  
+ }" i +(n) +, H

+  
"""'

cm .
¢ 1=1 x" .,'37 E=lOOkeV/amu

I fr': ".=*

10- 15 'A

S14++

i" I-16 -1"

Fe
I +  

EXP., Phaneuf et al (1983) A 1016 § / es""t
16 ' § Present"-"""-

14+ 
1( 9

' Fe
+
, EXP., Meyer et al (1979) 17-17 - - IC

Mo14+
Mo , EXP., Meyer et al (1979) , " ""-.","-'

5 10 13 1 15 2j

ION IMPACT ENERGY 
keV / a m u  

Figure 2

0.1 1 10 10 Reference
1. F.Koike, XIII ICPEAC Book of Abstracts,571(1983)
2. F.Koike, XtII [CPEAC Book of Abstracts,405(1983)

Figure la
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* A.'.GULAR L'SFTR[ IUTI,%\S OP IONS AFTER FAST ION-ATOM COLLISIONS ".% '

A.K. Klaminsky, IN.1. POpOva

Institute of Nuclear Physics, Moscow State University, Moscow 119899, USSR

cross sections differential in the scattering

Weo~ reo ,, th 0s-t"o alultono he cuaios
*angle 1 for elastic and inelastic collisions bet- -7

Ween two fast atos or ions each having its oan 1 L

electrons. 'lThe calculation method is based

on the use of the first Born approximation and at -

the sum rule. The validity of such an approach .'

to the calculations of the doubly differential cross

sections of the ionization in fast ion-atom collisions " -" -

was demonstrated earlier

Fios. 1 and 2 present some results of cal-

culating the values of for the ionization

and scattering of 300 keV hydrogen atoms in their ---
collisions with H and C atoms. We used the ana- 10 01 0,

lytical expressions for the elastic and inelastic .
3

form factors given in . Similar calculations for Figure 1. Values of for fast p or H after

the collisions of the simplest particles (ions and the collisions of 300 keV H with hydrogen tar-

atoms of hydrogen and helium) were carried out get. Solid and dash lines - 1 for ioniza-
4

in tion of H on H and p respectively. Dotted

The features of the angular distributions line- for elastic scattering of H on I-I.

for various processes may be outlined as Double dot-dash- .E. f or scattering on scree-

follow s. ned Coulomb potential. Dash-dot- scattering

At small scl ttering angles (r, the ionization of p on p .

cross sections "r exceed both the elastic-7

scattering cross sections 0 and the cross 1 -

sections of scattering by the screened

Coulomb potential. The difference between

and O.T- increases with atomic number of the

target atom. Among the angular distributions, the ,

values of for collision with nuclei are nea-
..............................................................

rest to the Ruterford cross sections.

At the collision velocities V exceeding the

atomic electron velocities in ionized sub-shell the

valtues of -T-L approach the Rutherford cross

sections in some range of angles .This range 10- 5  4(y-1
of F increases with V. The rapid decrease of

d at large angles a, as compared with the-- at arg agle ' ascopard wth h Figure 2. The same as in Fig. I except for car-

Ruterford cross sections, indicate that these appro- igr tae ainig1ecpfocr

ximations can not be used in this case. bon target.

Such calculations of the angular distributions References

give information on their behaviour at small angles
1. A.K. Kaminsky et at. NucLInstrum.Meth.1,80

and are of interest in particular, with a view
231 (1981).

of making the multiple scattering theory more accu- 2. A.K. Xaminsky, M.l. Popova, J.Phys.B._403 '.. .-..

rote. The proposed method make it possible to cal- (1982).

culate the angular distributions of fast ions to within 3 P.1, laniinsky et at. Proc. Radiotechnical

accuracy sufficient for quite a number of applica- Institute Acad. Sci. USSR, 79 330 (1973). . .

tions andat the same time,to avoid cumbersome cal- 4. Y.T.Lee, J.C.Y.Chen.Phys.Re.A5,5
2 6 

(1979).

. -. -o % o

. . . . .. . .%
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DOUBLE AND SINGLE ELECTRON CAPTURE IN 1-2 MeV/u O8+-He COLLISIONS

R. Hippler*, S. Datz, P. P. Miller, and P. L. Pepmiller ' -.

Oak Ridge National Laboratory," Oak Ridge, TN 37831 USA

We report results of an experimental study of charge ORL-OWG S-82l
'

changing collisions of bare nuclei with He atoms, with I ,
particular emphasis on the double-capture process. In

Fig. 1, we present the results for 16- to 32-MeV O8+-He . .. - -

collisions. Our measured single-capture cross sections , .. *.

agree with measurements of MacDonald and Martin i within

the quoted accuracy (±10% for the present measurements). . "

Our measured double capture cross sections are typically .

more than two orders of magnitude smaller than single-

capture cross sections (Fig. 1). At 1 MeV/u, the double- '

capture to single-capture ratio is -6 x 10-3, it drops to 
-
1
9

4 110 -3 at 2 MeV/u. These numbers are consistent with E. w

a ratio of -10-2 estimated by Tawara et al.2 for 15-MeV *.0

F9+-He collisions. However, our measurements for double-
capture cross sections are a factor of ~10 smaller than -2o

those reported by MacDonald and Martin i for the same I

system. The discrepancy may be due to the small ratio of '0 26 so 4CE NER e

double- to single-capture cross sections which makes it mm

particularly difficult to separate true double capture

from two-sequential single-capture events. This separa- FIGURE 1. Present data for single (g) and double (0)
electron capture cross section for O+-He collisions.

tion was achieved, in the present investigation, by per- t, data of Ref. 1 for single capture.

forming measurements at different gas pressures and by a capture event either one or both of the two electrons

careful analysis of this pressure dependence. must be captured into a Is state (about 0 and 5% probabi-

The present double- to single-capture cross section lty at 1 and 2 MeV/u) or the doubly excited state must
ratios are also considerably smaller than first-order be radiatively stabilized (estimated fluorescence yield

theoretical estimates. Using, for example, a classical -10%). With these considerations, the present data are

Bohr-Lindhard model, the probability Pc for electron qualitatively understandable. Data which will be pre-

capture may be expressed as3  sented on other bare nucleus-He atom collisions show

Pc - (v/a) (Rc/vi) similar tendencies.

with v and a the target electron velocity and radius,

respectively, and v the projectile velocity. The References

distance Rc below which capture occurs is given as * Permanent address: Fakultat fur Physik,

Universitat Bielefeld, Bielefeld, F.R. Germany.
Rc = 2 q a0 (vo/vi)2 + Research sponsored by the U.S. Department of

Energy, Division of Basic Energy Sciences under
with ao and vo Bohr radius and velocity, respectively, Contract No. DE-AC050R21400 with Martin Marietta
and q the projectile charge. In an independent Energy Systems, Inc.

electron model, the double- to single-capture cross 1. J.R. MacDonald, F.W. Martin, Phys. Rev. A4, 1965

section ratio is ~Pc/
2 , amounting to 0.22 and 0.08 at (1971).

1 and 2 MeV/u, respectively. These numbers are larger 2. H. Tawara, P. Richard, K.A. -Jamison, Tj. Gray,

than the experimental values by factors of about 36 and J. Newcomb, C. SchmiedeKamp, Phys. Rev. A19 1960

20, respectively. 3. H. Knudsen, H.K. Haugen, P. Hvelplund, Phys. Rev.

At the velocities under consideration here, a large A23, 597 (1981).

fraction of electrons is expected to be captured into 4. J. Newcomb, T.R. Dillingham, J. Hall, S.L. Varghese,

excited projectile states. For two-electron capture, P.L. Pepmiller, P. Richard, Phys. Rev. A30, 106

these states can autoionize, and hence, escape detection (1-84)

as double-capture events.4 To be detected as a double-

- . .. . ....... ... .. ..-... -......... .- . -. .". - -.......--.--.. -. ..
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ATOMIC CHARGE EXCHANGES IN CLOSE COLLISIONS BETWEEN Ar
q  

IONS

AND TARGETS IN THE MeV ENERGY REGION

t. Ben Itzhak*, D.. Mingay** and B. Rosner*

*Department of Physics, Technion, Haifa 32000, Israel
**Nuclear Development Corporation, Pretoria, South Africa

Charge state distributions of argon ions after small

imnact-paraineter collisions with nitrogen, neon, argon, ..... .

krypton and xenon gases were studied. Argon beams in

the 1.-3.0 N1eV energy range with charges 3
+ 
and 44- 6-g- Xe

were obtained from 3.75 NeV van de ,raaff accelerator at / A

Pelindaba and were scattered under conditions allowing /
/ -- -- & Kronly" single close collisions by nitrogen, neon, argon, 6o

krvton and xenon gas targets to angles between 0.5' and a 6

4.10. The differentially pumped target cell in the form ." . "-~.'" -

of a hollow cylinder 10 mm in diameter, with 0.5 mm dia- /"
meter entrance and I mm diameter exit apertures, was a A Ne

mounted in the centre of a n off-set 1.1 m diameter 4 ---- --T N

scattering chamber. a/ 6 N2

The incoming beam was defined by a variable col- jt .-... *0*

limator prior to its entrance into the chamber. A given--

charge state was then selected by appropriately setting J 1 I

an electrostatic deflector, resulting in the beam being 0 1 2 3 4

directed along the radius of the chamber into the gas SCATTERING ANGLE (DEG)

cell. The selected target gas was continually fed into

the gas cell through a regulator and needle valve to

maintain the desired pressure, and thereby the target FIGURE 2

thickness. The scattering angle was defined by a pair Figure 1 presents the angular distribution of the

of adjustable slits. Particles scattered through the individual outgoing charge states for scattering of

slit system continued into a second electrostatic ana- 3 MeV Ar 
4 

ions from light N, and heavy Kr gas targets

lyser where the different emergent charge states were under single collision conditions. It can be clearly

separated and detected by a position-sensitive detector, seen that the distributions become almost independent of

The defining slits, charge analyser and detector were the scattering angle for small impact parameter collisions

mounted on a radial support arm for which the angular of the order of the K-shell radius of the united atom, " -.

position could be externally controlled to an accuracy where the electron clouds of the colliding partners al-

of 0.030. most overlan•. - .

The angular distributions of the average outgoing .

charge <eq, for all five gas targets are shown in Figure 2.

zA -,N 2  , A- Kr The average charges depend on the target gas and have

, . higher values for the heavier targets. They are even

30[ higher from the corresponding values obtained for the

passage of argon ions in solid targets at the same bomb-

. -- . ", arding energy.

0 ; •- Reference ? ',- '

* 0 -J ,o , - ,- I. Charge-exchange processes in close atomic collisions,
0 '1. Ileron and B. Rosner, Phys. Rev. A 30, (1984), 132.

0 1 2 3 40 1 2 3 4
SCATTERING ANGLE IDEG)

11 I RiI. I

,° .'...,. .

• "'" ""'" "" "" ~~~... ... .. ....."... ....... -- ..-"."-.-...'-..'-.
.°- . °. - ° .. .. •...- . ° ..... . .... °.... .. ... . . . . . . . .• ~~~~~~~~~~~~~~~~. .. ,... .. .°.°.-. ... .... ..... ,. ,. . .°. .. 2...OO.... , . ... o o •° o
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DOUBLE K- TO I- SHELL VACANCY TRANSFER IN SLOW COLLISIONS
OF BARE IONS AND ATOMS

E. Justiniano. M. Schulz R. Schuch, A. Oppenl~nder H. Schmidt-Bdcking
*
' W. Schadt and P. Mokler

+

Pjiysikalisches Institut, UniversitAt Heidelberg, 6900 Heidelberg. FRG
Institut far Kernphysik. Universit~t Frankfurt. 6000 Frankfurt. FRO

Gesellschaft fOr Schwerionenforschug,6100 Darmstadt, FRO ..

W~e have recently reported the observation of oscil-

lating Ar K-vacancy production probabilities as a func- "W

tion of impact parameter in slow collisions of hydrogen-

like S ions with Ar
I
. These oscillations could be ex-

plained as interferences arising from the coherent sum of

the Isa - 2po vacancy transfer amplitude on the incoming

and outgoing parts of the collision trajectory. Compari-

son of those results with theoretical calculations re-

vealed discrepancies in the predicted height of the in-

* terference extrema. These discrepancies could arise from,

e.g. the contribution of charge transfer to states other

than Iso and 2pa or from a general limitation of the

theories, namely their treating of this problem as that

of an active K-electron in the presence of an average

' field. Experiments with bare ions are especially well

S"suited for testing this second possibility since here two

* electrons can be transferred and possibly in a correlated

fashion.

In the present work we report measurements of is-

" pact parameter dependent single and double K-vacancy
16+* transfer probabilities for 0.5 MeV/amu S on Ar and

4.6 MeV/amu Kr
36+ 

on Mo collisions. These experiments

were carried out at the MP-Linac facility at MPI-Kern-

physik in Heidelberg and at the UNILAC at GSI in Darm-

stadt by poststripping the desired beams at high energy

followed by deceleration with the single resonators to

the chosen low energies. In a multi-parameter experiment

K x-rays and scattered projectiles were observed in coin-

cidence which allowed the determination of impact parame-

ter dependent probabilities for double K-vacancy trans-

fer, single K-vacancy transfer, and no K-vacancy transfer

from the projectile to the target atom.

The results of this work will be discussed in cor-

parison to different theoretical calculations.

This work supported by BHFT.

1. R. Schuch, H. Ingwersen0 E. Justiniano.
H. Schmidt-Bdcking, M. Schulz and F. Ziegler. J.
Phys. 0: At. Mol. Phys. 17. 2319 (1984).

*...°..
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ELECTRON CAPTURE CROSS SECTIONS IN FAST ION-ATOM COLLISIONS %

H.-D.Betz and R.:16ppler

Sektion Physik, Universitdt MUnchen, 8046 Garching, W.-Germany

- 1 /
Electron capture bv fast ions in collisions c  .[1 I* -. *

with target atoms has received appreciable He N2  Ne He N2 Ne

attention for some 5 decades. Nevertheless, im- OBK 0.2 55 32 8.0 4.8 4.0

portant progress could be achieved in recent EA .06 8.4(9.0); 4.2(5.4) 8.3 4.5(4.7) I 3.3(3.9) *_ .,- % -

years: the Eikonal (EA
-
) treatment allows cal- EA

+  
.02 3.4 4.2 4.0 :.. 

culation of cross sections 'c(n,,.) which are CDW .04 10.6 8.8 3.7 3.4 3.7

much more accurate than the first Born approxi- EXP .C6 11±1.5 7.11 3.6 3.7 4.1

mation (OBK, B1) and a multiple scattering theo-
2 Tab.1. Capture cross sections and intensity ra-

ry (CDW) has been developed to obtain cross tios of Ly-- and Ly-, radiation for 125-MeV

sections c (n,Z) in a higher-order approxima- sulphur (16*) ions colliding with various tar-
tion. In the past, there have been only a few get species. Values in parenthesis take intoaccount capture from the L-shell of target

attempts to investigate experimentally the fi- atoms.

nal-state (n,.) population following high-velo- detector recorded K x-rays following capture

city capture 
3
, although theoretical predictions into excited states. This data was then comma-

may substantially differ. We present such an red with x-ray intensities which follow from

investigation which is sensitive to the total initial excited-state populations given by va-

capture cross section and to the distribution rious theories for electron capture, whereby

of -states. cascading has been taken into account.

The Munich Tandem van-de-Graaff accelera- Fig.1 displays the greatly differing i

tor has been used to pass 125-MeV sulphur ions distributions obtained from the various models.

with initial charge 16
+ 

(fully stripped) thi ugh Tab.1 lists both total cross sections and the

dilute target gases of He, N 2 and Ne. An x-ray ratio of Ly-a and Ly-? x-ray intensities ob- . .-
tained from experiment and theory; it turns ." -

out that this ratio is sensitive to the -

I I Idistribution of the initial population. Inspec-

A oljs-n -8.1.) tion of Tab.1 reveals that the CDW approxima-
/ Z, :7 (H-hke) tion gives the best reproduction of the expe-rimental data. In particular, it can be stated

10-H -Jl
\

tio givs"hedes repoutioneof the expetr- -i

that both OBK and EA do not lead to 
"

-distri-

I butions which are realistic for all targets. We

stress, thouah, that all theoretical models are

\ not strictly applicable for non-hydrogenic

10"
0 targets. 'A,

This work was supported by the Bundes-

u "ministerium fUr Forschunq und Technoloqie.
o81

References
EA' (Z-7)\. 

.. .

* '' " _ *CDW 1. J.Eichler, Phys.Rev. A23, 498 (1981).

W EA'IZ :16) 2. L.J.Dub6, J.Phys. 017, 641 (1984). 'j ' "

3. R.Bruch, L.J.Dub6, E.Trabert, P.H.Heckmann,
B.Raith, and K.Brand, J.Phys. B15, L 857
(1982).

0 2 3 2. 5 6 7

Fig.1: Calculated capture cross sections for
125-MeV sulphur (16

+
) in nitrogen, as a function

of final state Z for fixed n=8.

* * *.- 
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THE ENERGY DEPENDENCE OF ELECTRON-CAPTURE AND-TOSS C'nS- 5PrTTO'C T" MeV imu, HFTYt-STPPED, HA'V lot: COLLISIONS

W.G. Grahm , J.A. Tanis*,,E.M. Bernstein!, M. Clark*, -b H. !;cFarland' , T.J. Morgan-, M.P. Stckli**, K.H. Berkner
R.V. Pyle , A.S. Schlachter , J.W. Stearns , B.M. Johnson' K. W. Jones and M. Meron

-, Physics Department, University of Ulster, Coleraine, N. Ireland; *, Physics Department, Western Micligan
University, Kalamazoo, U.S.A.; f, Physics Department, University of Missouri, Rolla, U.S.A.; __1 Physics Department, -
Weslayan University, Middletown, U.S.A.; **, Physics Department, Kansas State University, Manhattan, U.S.A.; ._

Lawrence Berkeley Laboratory, Berkeley, U.S.A.; i., Brookhaven National Laboratory, Upton, U.S.A. * '.

Single-electron-capture and-loss cross sections The electron-loss cross sections for all the ' " "

for collisions of a number of ion species (S , Ar 
q +  

resent measurements exhibit a broad maximum. The

V
q + 

and Ca
q + 

(q=13 to 23)), incident on various gas velocity at which the peak vale is found is Letween vL

targets (H2 , He, Ne and Ar) have been measured over a and 2ve, which is consistent with classical theoryL.A - A
wide energy range (0.5 MeV/amu to 9 MeV/amu). -he position of the peak value a pears tc be deendent

The energy dependence of the electron-capture on the target gas, being around v, for He, !.. v, for N"

cross sections will be compared with the general pre- and 1.75 v, for Ar.

dictions of various theoretical approaches and an ' ]I 1. . "-

empirical scaling rule. For the present collisions v U
Vo :

varies from 4.4 to 19, where v is the projectile

velocity and vo is the Bohr velocity. This is generally

considered to be in the intermediate to high velocity om

regime for electron capture.

In the electron-loss collisions Ve varies from 0.(

to 2.u, where ye is the velocity of the electron most
likely to be lost by the projectile. Classical theory

1

iredicts the energy dependence of the electron-loss

cross sections should exhibit a broad maximum in this

region.

Over a wide energy range, fur example that avail-

able in the present measurements for S
13
, in He (0.45 0 .i

to 6 MeV/amu) , the electron-capture cross section energy 0-

lependence is found to steepen with increasing energy. ...

T!owever, over a more limited range of energies it was 0,

- und that the electron-capture cross sections for a AO

carticular ion-target pair could he fitted to a simple

power law 7 = 'o
Ea

, where E is the projectile energy in 0 7

AeV/amu. The value of the exponential, a, was found to

be approximately the same for different charge states o i ......... ......

the same species in the same target gas. For example, 2 3 6 7 8 9. -

for Ca in He, the energy dependence was 9M )YI) - -"

E - , for energies ietween 3.5 and 9 MeV/amu.

From figure 1 it ai:pears that the energy depen- I ee -- r v' , depen 1,r. " -

ience over the same energy range is dependant on the aDtre crrs sectiots f:r :,0-: 1.,, r H',,

target , with collisions in heavier gas targets hav- U S A 7 A,, "r i ,A H,0 i '.-:

ing a less pronounced energy dependence. The present T1.is w-r' wa j: r ':.S. .

lata is consistent with the empirical scaling rule for [vieiec 7 C:enical . '

electron capture' which can be applied to variois rlas Cer . ' .

targets .. '

In general terms the measurements are consistent ,r. r"t'"-

with theoretical wor - on electron cant re which, based . . . . -.

on atomic hydrogen targets, suggests tiat - r oiery i,.<_M, I N"

dependence at the present enerjies .ho':c I .ic.r-sinA..... .. :....... . . .. ... , . .

towards the high energy asymptotic Imit' "f I' ! F_

.% . - -

N - .-.
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COMPARISON OF ELECTRON CAPTURE PROCESS IN GAS AND SOLID TARGETS

FOR 35 MeV/u Kr36+ IONS* -

J.,P. Rozet, A. Chetioui, P. Bouisset

Institut Curie and Universite P & M Curie, 11 rue P & M Curie, 75231 Paris Cedex 05, France

and C. Stephan -
Institut de Physique Nucl~aire, BP n

0
l, 91405 Orsay. France

New results on electron capture for high velocity.

fully stripped heavy ions will be reported. ii) The measured population ratios of n = 2, in 3

A preliminary experiment has been achieved on the and n = 4 excited states (a/t and a/y relative inten-

LISE facility at GANIL in Caen (France). Post stripping sities) also differ for solid and ga~eous targets. To-

364 2 gte ihtepeiu eutte niaeaof the incident 35MeV/uKr ions by a 6mg/cm carbon gether with the previous result they indicate an

roil leads to the production of fully stripped Kr 36+ions excess of population in the low lying excited p states

with an efficiency of about 50%. X-ray spectra corres- for solid targets. This could be due to an inc ase

* ponding to the Lyman and Balmer transitions emitted of the capture cross sections in projectile's states
Kr

3 5
p of small principal quantum number or in states of '.

from the excited states of hydrogen-like Kr produced
by electron capture have been recorded for three solid high angular momenta (Yrast decay).

2 2 2tirgets (C :20 .g/em . Al:5 g /cm . V : 3 g g/cm ) and
one argon gaseous target. a-'

Mlost proemiment features of the results are sum- -20

marized in figure 1 and figure 2. One may note that

(i) The total Lyman X-ray emission cross-section,

equivalent to the total capture cross section to -10

excited states of projectile (for this high Z element, A............................

radiative lifetime of 2 s state is short enough to Ar

allow observation of its radiative decay within the ot/O Ail

* observation region) measured in the case of gaseous

argon target is in good agreement with CDW calcula-

tion (1), whereas those obtained for solid targets

are significantly larger . .

-613 18 23 2C

/

. Figure 2 . Lyman x/Lyman P and Lyman a /Lyman y
relative intensities (lines and dots:same as

k Ifigure 1).

Note that in this experiment, a direct comparison

of gaseous and solid target measurements is achieved.

Indeed, a very important feature of the elementary

atomic collision processes for these high velocity

collisions is their very small cross-sections. As a

consequence, the total probability for interaction of

o 0 2. the ions inside our thin solid targets remains very

Figure 1. Total Lyman line emission cross sections; low and doesn't exceed few percents, all processes
Experiment (----); CDW calculations included. In other words, the single collision condi-

Reference tion is fulfilled.

(1) Dz Belkic, R. Gayet and A. Salin, Comp. Phys, Com. In conclusion, the GANIL accelerator offers the
32 (1984) 385. opportunity to study under new conditions all possible " "

effects related to the solid state structure of the target,

* work performed at GANIL (Caen) France. or those due to the exit interface.

ZZ!2

..........................,..,-.,-..-. -.- ,....
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CONTINUUM DISTORTED WAVES

Derrick S.F. Crothers

Department of Applied Mathematics and Theoretical Physics
The Queen's University of Belfast,
Belfast BT7 INN, Northern Ireland.

Closed analytical results are obtained
1
for the first

. order continuum distorted-wave non-relativistic double- .. ,.

scattering Thomas total cross sections for lsZ to

nLB~mtB , nB B , nBE and ZB charge transfer transitions,

where omission of a quantum number implies summation.

Specimen Z and m distributions are presented. It is

concluded that for the higher values of Z, even at

intermediate energies, the m distributions
2
are given

essentially by (z-!mi):[P 1 mI(cos /3)2/(i+imi): in

accordance with the second-order Oppenheimer-Brinka-

Kramers theory and a reflection of the double-scattering

Thomas mechanism involving two successive deflections of

the electron through 600.

A continuum distorted wave (CDW)
3
theory of charge

transfer is developed to second order
. 

Closed analytical

results are obtained for the second-order COW (CDW2) non-

relativistic double-scattering Thomas total cross

sections for ls9A to n BmzB , nB ZB and nBB charge

transfer transitions, where the omission of a quantum

number implies summation. It is proven that these cross

sections agree exactly with the corresponding second-
order Oppenheimer-Brinkman-Kramers (OBK2) non- 6.,

relativistic double-scattering Thomas cross sections.'.

The first-order CDW (CDWl) Thomas theory is shown to be , '." '

correct fortuitously for only isBA to 1s B  '- =.

transitions. It is shown that the CDW2-OBK2 cross

section for the lsZA to nBB transition is simply the

corresponding CDWI cross section multiplied by the

Jacobi polynomial F (1-B,,I; 2; (4 2
2 1 ;-.A"B/nB) / BA+B/nB)

Specimen t and nB  distributions are presented. It -* -.-
is concluded that existing criticisms of CDW theory are

not well founded.
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selCharge transfer cross sections from thel4- Altnough our method intro~.uces an error of th

selof N and 0 atoms by fast protons are cal- order of (rT/Vi.2  one can have mn estimdtiin or

culated in the framework of the continuum in- cross section with reason.Lie accuracy in tne

termediate-state approximationi for the inci- high energy region. The present :itnua has been
dent energy varying between 1 to 5 Mev for the develipei ror the ev.1u.tricn or Coulomb integ r-

H++C, ancL 1 to 10 Mev for H*±N assymmetric co- al containing the prouct or , Ctiulcmci wave

Ilision (z<). We considier the active elac- function With 1~e type orbital in a closeo

tron moving in the field of an effective nudle- form in terms of tne G~u~sioai nyperyeont~tric

ar charge and expanQ the bound-state wavefunc- function.

tion of complex atoms onto the basis of Slater- The tneoreticdjl valu-6 tor tne tot.-i cros

type orbitals. The other electrons are consi- sections are oKitain:uo iro::. the reh-tion, oa

* tiered torepassive auprovidie only screening j~+~O0~ , as the contrioutiunb Zran

* during the collision process. The use of this tne higner exciteu states rze founo to be neg-

incaepenoent-particle modiel is5 justified oue tu ligible. .ur rasult!s ire in excellent .gr~ement
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? I 4-b
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bitr ary -Iuantum numbers is very difficult. 3 . rjacek anu i.Alston, ffl'.R..v. A~o, 250,
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We consider the electron capture process from the on-shell limit is obtained for wave function and --

inner shell of an atom of large nuclear charge Z
T 
bv an scattering amplitude. On this basis alone, it is appa-

incident bare ion of charge Z,, , for which Z,.> Z, . rent that the coulombian off-shell correction factor is

The traditional Impulse Approximation (IA) is intended not substantiated. ,

to solve the high ion velocity v region problem, in Let us investigate the consequences arising in inner-

spite of two severe assumptions which are included in shell capture calculations when the electron-target

this approach. First the intermediate electronic wave potential is cut at distances larger than certain radius

functioi is approximated by a Coulomb wave centered at R. A similar problem has been recently discussed for the
2

the target nucleus. It may be a good ansatz for hidro- capture to continuum process . For finite R, Eq. (2) is

genic targets, but for inner-shell electron capture no longer valid. In this case a dependence on the cutoff

processes we are fully entitled to consider a target procedure is likely to appear. For the cutoff Coulomb

potential shielded at a radius R of some outer shell, potential, the off-shell corrective factor is given, to

* Here we want to explore the possible consequences of a order I/R by
3

i shielding. Second the pure coulombian electronic wave

function is approximated by its on-shell version. The -ia t2kR)

difference Ak between the impulse k~of the electron on 9a(k. ki)= e IFia i i(k-kI)R) (3)

athe intermediate state and that k on the final state is

about Z,/2v . It is large enough to require the use of
In the usual IA apprach 9, is taken as unity, while in

an off-energy-shell wave function for the electron- the SPB correction its pure Coulomb limit R-oc is..

target nucleus relative motion. A coulombian state has considered. Quite obviously none of these limits is

a branch point when Ak - 0 and does not approach a valid. In particular the SPB limit requires R >> 2v Z,
videfined on-energy limit. The exact expression of that
a condition which evidently is not fulfilled at the

state is quite complicated, but when A k is small it intermediate energy region where this modified IA

can be approximated by a corrective factor approach is supposed to be valid.

Finally we have to point out that using expression

, e . 1a) k,- k .- IF (3) in order to correct the SPB factor (2) may lead to

-i," k unrealistic conclusions in view that it is related just

to a large range limit of the off-shell function for

times the on-shell wave function. Nonanalyticity means the cutoff Coulomb potential. This expression is not

that this factor will persist even for Ak-0. The valid for R small and the exact screened T matrix is

Strong Potential Born (SPB) approximation is intended required. In this case an off-shell correction is

to be valid when Z,> Zp and introduces the off-shell likely to appear, but it will surely be less dramatic

correction given by Eq. (1) for extending the IA down than the one provided by Eq.(2) in the SPB correction

to the intermediate ion energy region. Neglecting orders of the IA approach.

Zp/ v the SPB cross section can be written as a projec-

tile-independent factor References

utl 2 1. J. Macek and S. Alston, Phys. Rev. A 26, 250 (1982).

'-t-) , . U-'
2
- )LZ- 2)2 (2) 2. C.R. Garibotti and R.O. Barrachina, Phys. Rev. A 28,

2792 (1983).

3. W.F. Ford, J. Math. Phys. 7, 626 (1966).

times the peaking IA. This factor is a direct consequen-

ce of an off-shell intermediate electronic wave function,

corresponding to a pure Coulomb electron-nucleus inte-

raction whose long range nature is the responsible for

tie on-shell branch. However for shielded potentials

these branch singularities disappear an a well defined

I .
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*CALCULATION OF' DIFF'ERENTIAL CHAflGE-TRANsFER CR055_ ECTILu\ I\K WIE I\TERNIEDIATIE
AND HIGH ENERGY RANGE BASED ON THE FADDEEV-\IERK

T 
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A.L. Godunov, Sh.D. Kunikee:-, V.S. Surj-honkeo

Institute of Nuclear Physics, Nloscotn State Lrwi-rsity, Ntosc on%, i 08W-1, I -

We discuss the differential cross section of %i1
Er too Av

charue eXchange between protons and hydrogen or

heltium obtained by the method of theoretical dc,.5- __

1"cription of ion-atom collisions allo%%ine for the into- -"Ij I
r,tction in tinal state. Accordinco. to this method,4 the\* 4

eiypiud. fclectron capture by at fast particle is . . - .

amliL1tf idnit the final-state %%v-function tohich ~m(t~

equation for the, sys.Ftem of three charued !pirti( los

% when tw o of them form a bound state. The, nonortho- 10
aonality of the initial- and final-state nav tinctioOn -- ~-
vwith res pect to the variables of the bound p~tit h-- ~ ~ -G+4
"niri been taken into account1 i certain modific,ilions "-W
arise in the transition operator . If, hon ever, the Er -.4Xv\

* ~~amplitude is calculated disrenarding heeavy peirticle ~....
itrcinin both the n~ave function and the transi-

tion operator, the resulting simplified expression vwil0 .1 . L -

*coincide with the peaking form of the impulse ap- wthen fbi tr,,i-ithon otlirrilor j- nmodili-I t f~vilo-
3

proximiation [ towne or It- notiortho-.ir,Itt of fi iiti,t

The differential cross section of electron cap- -adfnltaei vilocim.Ti-i .ci sqir

tore by protons in heliUrm and hydrogen calculated cc- oit the ftct (It-it c-tr i tr,,niwr procli-- ui c Ur

within the above approximations are analyzed in a maiintv at refaitix-ifv --rnifl 0'i innic l'< cli tA1 .-

wide energy range of colliding particles. The calco- Thus , the aort-wmit obtatiri . b(Ilwo n th, c,,lculit-

lations have shoisn that inclusion of electron interac- ecl a~ni 1xerm i-d h -.i ' it- IIto if (i Wit Ilu--

fion with residual ion by the method Iyields the ontathmeod1.i qiforclci-L..-

Thomas, peak obs"erved in the differential cross _sc- lind5 the cliffter~ntifd ciri-ref. cr05- -r tion%
4

Replacement of the Coulomb %%ave fuinction des crib-

* nu the effect of residual ion field on the captured Rin'trfrircf-:

etectron motion by its asymptotic expression lead-

totemonotonically varyingdifrnalcose-

tion without any tpeculiarities in its angular deporn- ru-XIIIPA,-t.0

dence. ~Pnt;,,r, I'l-rho, I , 1M . 1ft

2. D.R. Mile- Pro(.o o -
Fio. 1 illustrates the results of calculation- _j_, 2111IinJ

* 01~~o the dilferential cross section of charge exchanv' 1.LJ u,,tPi- tA.\n.,x. -,- CIl-)

* ~between protons and helium together wvith the avail- -I .loil-P---- .Ilv.R..Lt,?u

able experimental data. Curve 1 presents the comlile-

te calculations, and curve 2 the calculations without i NrlntI.'lvR-sALJ2i (Of )

the interaction between heavy [particles. Coiyv-rison

of the calculated and experimenlail dat,i show * thatt

*the inclusion ot the heavy-particle interactiont entr

* signilically improve the agreement bet%%ien lb. -il

* culated and experimental charoe-transfer i-ro-~ -- c-

lion for large scattering angles. IBeside- thit lb.-

cross section calculated without hea\-y-purticlo in- A5
teraction taken into account in the trnnition nie,(r,.

for coincide actually w&ith the calcut,ilioni mdic-

.- - - - . .. . . . . . .* ** * * *
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,. THEORY OF ELECTRON CAPTURE AT HIGH ENERGIES

Steven Alston W
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Fakultdt fur Physik, Universitdt Freiburg, D-7800 Freiburg, BRD r .-. A

jDifferential cross sections for electron capture in body Coulomb transition operators. Clearly then, the full

S- proton-Helium collisions have been measured' recently at Coulomb nature of the two collisions in the mechanism is

1MeV energies. The classically introduced Thomas double- accounted for by the use of Coulomb T-operators. I have

scattering mechanism, whereby the almost free electron is evaluated (I') approximately by neglecting the dynamic - -
scattered first off the projectile at 600 to the forward effects of the initial and final binding of the electron.

direction, attaining a velocity equal to that of the pro- This leads to an impulse approximation to the Coulomb

jectile, and subsequently off the target nucleus elasti- T-matrices. Due account is taken of the off-shell effects

cally in order to redirect its motion to be parallel to characteristic of the Coulomb problem
3
. Figure I shows

the projectile's, is thought to play a significant role the present results for Is-Is captures in 7.40 MeV pro- -

in the dynamics of the capture process at these energies, ton-Helium collisions along with those of the continuum

and, in fact, to dominate at asymptotically high energies. distorted-wave theory,
5a 

the SPB , and the data For the

Yet the second-Born approximation to the capture ampli- DWB and SPB results, an effective charge of 1.6875 in a

tude which represents the lowest order quantum analogue hydrogenic model is used for the Helium wavefunction.

of the Thomas mechanism reproduces the data
1 

quite in-
1. E. Horsdal-Pedersen, C.L. Cocke, and M. Stockli, Phys.

adequately (except in order of magnitude). Rev. Lett. 50, 1910 (1983) ,

Recently, a higher-order distorted-wave Born (DB) 2, K. Taulbjerg and J.S. Briggs, J. Phys. B 14, 3811

theory
2 

of capture has been derived as a symmetric exten- (1983)

sion of the asymmetric strong-potential Born (SPB) theory
3
. 3, J. Macek and S. Alston, Phys. Rev. A 26, 250 (1982)

amplitude takes the form 4. C.J. Joachain, Quantum Collision Theory (North Hol- - "

The WB capture piland, Amsterdam 1975), Eq. (19.92)
OWB BI - + +

T = T + X V C V Xi
>  

(1) 5a.R.D. Rivarola, A. Salin, and M.P. Stockli, J. Phvsicue
T0 P Lett. 45, L-259 (1984); b.S. Alston, Phys. Rev. A27,

where T
B I 

is the first Born amplitude, Vp, V. are the 2342 (1983)

electron- projectile and electron-target nucleus potentials,

and 6u is the free-particle Green's operator. The SPB dis- . ..0 . % ..-

torted waves are defined - - . -

"" - + + 
+  

H1 +e *

xf> - (IG TVT) f> , (xi> (l+G*Vp).%i> ; (2) 10-2 H+ + He - H + He+
- - + - 7.40 MeV .. r

G;(GT) is a Green's operator for the potential V (V7) with

the target-nucleus (projectile) propagating freely. Plus

and minus signs denote out- and in-going wave boundary '"

conditions, respectively. The initial and f'nal asymptotic 
3 

""

sLates 2i. , f are products of plane-waves of relative mo- . ..

tion and bound state wavefunctions. 0'o "

Simply rewriting (I) using (2), one obtains the ex- 10-4

-T 0"T "-
T B To~p Mi" " ___ Present .•"

which is the second-order approximation to the Faddeev- COW

-7 Watson amplitude
5
. Here, Tp ano TT denote the transition 10

- 5
SP\ ... - .-+V + .... SPB \ ". '' ' J

operators Vp+V VT+VTGTVT. respectively. Thus, the

DWB amplitude is an application of the general Faddeev- ..

- Watson scattering formalism (with the internuclear poten-

: .tial set equal to zero). 10-6 0L4 00 0.2 0.4 0.6 0.8 1 ..
The amplitude (I') has a very straightforward inter- 0.2LAB (mrad)

-" pretation in terms of the Thomas mechanism. When the hea-

vy-particle motion is integrated, TT and Tp become two- FIGURE I Is-Is capture from Helium by protons.

. -- ---- ---- ---
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UNDERSTANDING THE EXACT SECOND-BORN CAPTURE CROSS SECTION

Steven Alston

Fakultdt f~r Physik, Universitat Freiburg, D-7800 Freiburg, BRD

* The second-Born approximationl(B2) to the electron king approximations to obtain .ontributions from all
.capture amplitude is known to represent the lowest-order three peaks, taking due care to avoid double counting

quantum analogue of Thomas classically derived two-step The result is tou

picture of capture where a double scattering of the elec- B2 5 (ZPZT) 2 2 2_

tron, first off the projectile and then off the target K 2 ) 2 K - p2ZpJi2ZTKi)
.

" nucleus, provides the means of giving the electron a ve- iZ PK
2

locity vector roughly equal to that of the projectile + _1  viZT))

so that it can be captured. At asymptotically high velo-

cities, the second-order part of this amplitude yields +i v ln(l-i 2(In(pI - ]
- 1 + £z 2 (v+iZ)

the leading velocity dependence, namely , of the to- T P P

tal cross section. Use of this simple analytic expression together with
B
I

Over the last decade or so, various exact (numeri- T leads to significantly better agreement with the

cal) evaluations' of the B2 amplitude have been made, exact
1 

cross section as Pig. I shows. -_-

improving on the original peaking approximation of Dris- Physically, the present idea corresponds to allowing

ko
2 

(linearized-propogator approximation or LPA) which some freedom in the momenta transferred in the two col-

concentrates on treating the Thomas mechanism contribu- lisions as opposed to the LPA where only the fixed values

tion accurately. The exact and approximate differential K, -J are allowed. A fuller discussion of the evaluation

cross sections differ greatly, however, at realistic and of its implications for other capture theories will

but still large velocities. For example, in 10 MeV pro- be presented at the conference.

ton-Hydrogen atom collisions corresponding to v=20 a.u.,

the discrepancies range from 33% at 9=0
° 

to a factor of I. P.R. Simony and J.H. Mc Guire, d. Phys. B14, L737

5.9 at the cross section minimum (see Fig. I) to 18% at (1981)

* the Thomas peak, a=0.0540. The reason for the LPA being 2. L.J. Dub and J.S. Briggs, J. Phys. B14, 4595 (1981)

* -2so inadequate, since errors of the order v should be

introduced, has not been fully addressed.

In momentum space, the second-order part of the B2 H 
+ 

H(Is) H(ls) + H

amplitude takes the form
2  

10 MeV
B2 - -+~ _10-5 \'\ • " •.i

B2 f k *(k (k.+J)G'-v (k - (I.) lk.
2 = dkdkf F -f)YT -i - oe P-f- i - •

Here, a tilda denotes a Fourier transform and fi.'f are -__- Exact

- the initial and final bound states, Vp, VT the electron- ..- Present

projectile and electron-target nucleus potentials, and
+ .. LPA

G the free-particle Green's function. The momenta trans-
0
ferred to the projectile and target nucleus are K, J, re- _)

spectively. A close lool. at T 2 shows that, besides the lO
-

.
2

peak in the integrand at k =k =0 which leads to the LPA
<i -f

" Twhen V (ki T and Vp(kf- )ZVp(K), there are two

other peaks at ki O, f -K and kf=O, ki=-J which have .-
heights of the same order of magnitude, viz. (ZpZT)-IN2v

-6,
.

away from the Thomas peak. This is seen by putting (to -".

avoid infinities) small cut-offs on the potentials, say "

kf >Zp, k ZT, and looking at the magnitude of the \-.•

integrand at each peak. Zp, ZT are the projectile and 10 . 0.04 O

target-nuclear charges. (d,,;)

B2 C~
I have evaluated T2 for Is-is captures using pea- FIGURE I Exact and approxitat 82 capture, cross svctions• .

%. . .

: - .. . - . . ... .. . . - .. .. . .- . . • • . - - - . ". ... . " - " ."-.• -• • . . . . . . . .. . . .". .-. ".".".".. . . . . . . . . . . . . . . . . . . . . . . .- '.-'.'
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THE NORMALIZATION OF APPROXIMATE SCATTERING STATES -. -

S. Alston,* J.S. Briggs,* and K. Taulbjerg
+  -..

Fakultdt fUr Physik, Universitit Freiburg, D-7800 Freiburg, BRD
+ Institute of Physics, Aarhus University, DK-8OOO Aarhus, Denmark

The theory of atomic collisions is generally con- malization whereby the expression Eq. (2) is integrated

cerned with constructing approximations to the exact over the angles of K!-K. and over a small interval+ -1 -I.2. .'
scattering state r.(K), where K. is the initial, rela- AK.=K!-K.with AK.-O at the end,to obtain a value for the
tive momentum of the projectile and target and the plus normalization constant. This has been done together with

sign denotes outgoing-wave boundary conditions. It is the use of the off-the-enery-shell Ciulonb T-matrix ele- '3.
well known that both .(K.) and the asymptotic state ment

4
and we find the resulting constant N to be

2i(K.) from which it evolves satisfy a delta-function 2 2n(

normalization condition (e -) N

<+.(K') X(K)> = <5.(K)l1i(K)> = S(K!-K i ) The Sommerfeld parameter n equals Zp/v, with v the inci-

corresponding to the necessity of conserving flux in the dent velocity, and Zp, Z T are the projectile and target-

collision. A good approximate scattering state should nuclear charges, respectively. Clearly, N is not unity

also be comparably normalized or, if not exactly so, then and we argue that a properly normalized distorted-wave,-112 +(
should be defined as N iX(.the errors should be small as in the case of a rapidly 1(K. -

convergent perturbation series. For large velocities,n -0 and NzI+(5I
4
)(ZpIZT) while

One widely used method for obtaining an approximate for V-Zp, r-i and NzT+(O.I)(5/4)(Z p/ZT
)2

. In the SPB

+ theory Zp >> ZT and one finds a large normalization con-scattering state i(K i ) is the distorted-wave formalism .'.'-

in which the initial perturbation V. is split into a stant. Since the SPB (or DWB) scattering state involvesi

distorting potential U. treated exactly and a residual the summation of an infinite-order perturbation series, . .

interaction W.. Using various operator manipulations the it is not surprising that a significant loss of normali-
I + zation can occur. The implications of the normalization

scalar product for (K) can be writteni 1 -1 of the scattering state for direct and radiative elec- .'* -

-- - (K.- tron capture will be discussed at the conference.

(E'-E-i5)
- 

< Xi (K!)I(U -Ui)xit(K)>, (I)

with E the total system energy and 6'O+. If the distor- 1.C.J. Joachain, Quantum Collision Theory (North Hol-
land, Amsterdam 1975), Ch. 17

ting potential is hermitian, Xt(K.) is obviously norma-
l -1 2. J. Macek and S. Alston, Phys. Rev. A26, 250 (1982)

lized, but for nonhermitian U., the situation is not so _
le. 3. K. Taulbjerg and J.S. Briggs, J. Phys. B16, 3811 (1983)clear.--" ---- "- -

4. J. Nuttall and R.W. Stagat, Phys. Rev. A3, 1355 (1971)

Significant strides in understanding electron cap-

ture at intermediate to high energies have been made in

recent years in the form of the strong-potential Born
2

(SPB) and distorted-wave Born
3 

(DWB) theories. These

theories provide an example where the distorting poten-

tial Ui is nonhermitian; in this case the residual in-
teraction Wi assumes the explicit form V G*(E)V Here,

To0 P*
Vp, VT represent electron-projectile and electron-target

nucleus potentials and GC(E) is the free-particle Green's
0

operator. When the defining expression for A+(Ki ) is in-
troduced and the consequent relation

3

K = VTxi(Ki)- i(Ki .

used, equation (I) takes the form

,X i (K!) IX i (Ki )> - 6(K-Ki)+(E'-E-i6)~1I i - -

x (K i(Ki)IVx+(K-<X (Ki) V 9 (K.)>}. (2)
Ti-1 i -i VTi-

We have employed the method of continuum-state nor-

... -. " .,

-........................

. .. . . . . . . . . . '1:• - ..- . . . .
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NUMERICALLY GENERATED OFF-SHELL RADIAL WAVEFUNCTIONS

Hermann Marxer and Steven Alston

Fakultat fur Physik, UniversitSt Freiburg, D-7800 Freiburg, BRDa%
A recent advance in the theory of electron capture Significant variations of u0 and u, versus K are apparent

in asymmetric collisions at intermediate velocities has and these could lead to modifications of the conclusions

been the recognition of a strong-potential Born (SPB) in Ref. 2. Results involving a Hartree-Slater potential -

approximation as the proper first-order term in a con- will be presented at the conference along with a more

sistent expansion of the transition operator in the weak- complete discussion of the construction procedure.

er of the two perturbation potentials. Although the
03

theory is independent of the explicit form of the strong '

potential, in practice it has proven convenient to work , •

with a hydrogenic model, as, for example, is the case in "

inner-shell capture, because the supporting analytic for- 3

malism is more fully developed, thus facilitating eval- 0

uation and interpretation. "

Various difficulties concerning this model exist, V

however. In particular, the problem of which charge, the

bare nuclear one or some screened value, to use in the 8 a,.
off-shell factor and the sensitivity of the cross section 0 . 0 D.1 0.2 0.3 0.4 0. 0.6

to the introduction of a realistic potential, e.g. Har- RadLus (a'.f :

tree-Slater, are two worth mentioning. 0 I ,

As a first step toward addressing these issues and

eventually toward calculating cross sections for realis- 0

tic potentials, a set of rountines for generating numeri-

cal radial off-shell wavefunctions is ben deveped.

These wavefunctions are solutions of the inhomogeneous

radial Schriidinger equation

. d, + 2 K
2

) U (r) 1K
2
-k

2
)kr j (kr), (1)

where the complex u (r) is related to the full wavefunc- ., "

tion by the expansion -.

+ .0 D.1 0.2 0.3 0.4 0.5 0.6

o )kE o - 1.0 y i2ut1/ Jl is 1° du u ...- ."

Equation (i) is solved by converting it into an integral .KAPPA - 5.2

equation involving the radial Green's function G1(t~r,r') '130 KAPPA - 5. 1

for the potential V(r); G i con ted f r the "..-, ---...
-

-

arO annd Firr ga Gsh s consructed from the regu- Reenee "'- "___ ___. '"-'.

hoogn eular solutions of the homogeneous version ., K d .a e C

of (1). The off-shell energy c is equal to K
2
/2, .:is

a spherical Bessel function, and P is a Legendre poly-

nomial. FIGURE I Off-snell radial wavefunctions.

For the case of a Yukawa potential, 2-Zr/ /r and W
*Z-10 (neon), Fig. I shows a comparison with the regular Referneces

homogeneous solutions (solid curves) of the real part of 1. J.S. Briggs, J.H. >lacek, and K. Taulbjerg, Colment At. .

* U0 and the imaginary part of u1 for various K values with 'Ml. Phys. 12, 1 (1982)
k fixed at 5,2 au. The imaginary part of uO and the real 2. L. Kocbach and K. Taulbjerg, J. Phys. BI8, L79 (1985)

part of uI deviate much less from the homogeneous wave-

functions and are therefore not shown. The on-shell ver-

sion of this case has been considered in a recent Letter. *'.,""-

'.'- - . "-,

................. *- *
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BO~iDAkY CONUIiTIOS A.AD THE STrRONG ParENTIAL BOR14
APPROXDIATION FOR ELECTRON CAPTURE

D. P. Dewangan and J. Eichler
+ t  '.' t

Physical Research Laboratory, Navrangpura, Ahmedabad, 380 009, India

',olecular Physics epartment, SRI International, Menlo Park, CA 94025 USA

It is shown' th t the Strong Potential Born and projectile or target and not to the internuclear

approximation
2 

(SPB) in its rigorous form leads to an interaction. If the boundary conditions for the

electron capture apitude which contains a diverging Coulomb interaction are incorporated, a converging

conrribution, a fact that seems to have escaped atten- second-order approximation may be derived from the

tion so far. The singularity is attributed to the esact amplitude
3

neglect of the proper Couloab boundary conditions. ZB®) - d t t -i a ( t ) I z -( ) ). .
4hile the SP6 has orginalLy been formulated

2 
in f(t) = i fdtK~f(t) e ftIR) + VTefV-(t)> (3)

the wave picture we choose here the equivalent formula-

tion in tne impact parameter picture. Let Di(t) be the by introducing a complete set of distorted target wave

initial time-dependent (undistorted) wave function of functions Dn(t) exp (-ioi(t)). The resulting

the electron in the target (Zr) and @f(t) the final "boundary-corrected" second-order Born (B2B) amplitude

wave function in the projectile (Zp) traveling with the is given by

constant velocity v. If, furthermore, VTe and Vpe are B2B - -i)ERT ve -i(t)
the electron-target and the electron-projectile inter- B () -i fdt0 (t)e i f T it)

actions, respectively, the impact parameter version of 2 .

the SP3 capture amplitude is given by +(i)21 f dt<O f(t)ei f(t) ZRj+ VT0 knt)ei>

t z%CS
p B  

f dt (4t)~~V~J}~) 1) Z:'-.. . .

C - • ; dttf )nVTei(t)> (1) . I dt ) I(R:L.t) + Vpelti(t')> (4)

Note that the use of distorted intermediate target

+- dt< f(t)JVTeIn(t)>! dtn(t' VpeJi(t,> states introduces an additional perturbation term 2p/R

n- 8B2B SPBinto 
B  

which is absent in C P As a consequence,

the elastic matrix element now yields a potential of

where the sum is over a complete set of asymptotically short range, and the time integral converges.

undistorted target-centered states n" We immediately Having concluded that the singularity in the SPB

realize that the elastic matrix element 0i J Vpe 1 00 amplitude
2 

(which gets lost in subsequent approxi-

behaves as - Zp/R for large internuclear separations mations
2 ) 

originates from the neglect in (1) of the

R(t); and hence the associated time integral diverges, proper boundary conditions, we show how to avoid the

If we consider the wave picture
1 

instead of the difficulty by satisfying the Coulomb boundary condi-

impact parameter picture we arrive at the same conclu- tions for all states involved. Recently, the problem

sion. has also been treated in different ways.
4
'
5

The singularity arises from the long-range nature
t On leave from Bereich Kern-und Strahlenphysik,

of the Coulomb interactions involved in the problem. Hahn-Meitner Institut Berlin, D-1000 Berlin 39,

The difficulty is, therefore, avoided in a natural way W-Germany

if we impose the proper Coulomb boundary conditions
3 

on

the asymptotic solutions, i.e. 1. D. P. Dewangan and J. Eichler, J. Phys. B., in

press.

+ () (t)eo (t) 2. J. Macek and S. Alston, Phys. Rev. A 26, 250

lm_ Ti(t) = (1982),

J. Macek and R. Shakeshaft, Phys. Rev. A 22, 1441

im T (t) t f(t)ei f ~t)  
(2) (1980), J. Macek and K. Taulbjerg. Phys. Rev. Lett.

46, 170 (1981).

3. Dz. Belkic, R. Gayet and A. Salin Phys• Rep. C 56,

with o1 (t) = (Zp/v) In (R - vt) end of(t) - (ZT/v) in 279 (1979). .

(R + vt). Note that the logarithmic phases are related 4. J. Macek, J. Phys. B., in press.

to the residual Coulomb Interaction between electron 5. J. H. McGuire, J. Phys. B., in press.

....................................................- L -. -'--.
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COMPARISON OF EIKONAL AND STRONG POTENTIAL BORN CROSS SECTIONS

FOR HIGH VELOCITY CAPTURE AT FORWARD ANGLES

J. H. McGuire
+ 

and J. Eichler
+ .

+ Department of Physics, Kansas State University, Manhattan, KS 66506 USA

++ Molecular Physics Department, SRI International, Menlo Park, CA 94025 USA

Historically the eikonal and the strong potential cross sections at zero scattering angle is 1.27.

Born (SPB) approximations have developed from conceptu- Because many experiments are done in a regime where

ally different origins. The eikonal approximation, 1,2 forward angle scattering is dominant, it is useful to

which represents a solution to the Schrodinger equation compare the ratio of eikonal to SPB cross sections at

that is slowly varying in coordinate space, does not forward angles and finite energies. This is shown in

fully incorporate strong distortions that may occur in the figure for p+H at 2-20 MeV.

close collisions. Hence the eikonal approximation is

better suited to large impact parameter collisions, .H.

rather than close collisions. On the other hand the SPB 12 - -

approximation
3
'
4 
was designed to treat the Thomas peak

accurately, i.e. a close collision phenomenon at high Z. .

velocities. Consequently it is not surprising that in

the very high velocity limit, where the Thomas peak is 6.

dominant, the eikonal and SPB approximations give very

different cross sections
5 

near the vicinity of the -0.4

Thomas peak. 0.2

The purpose of this paper is to compare the eikonal 5 10 15

and SPB approximations at forward scattering angles, i I {

well within the Thomas peak. It has been noted previ- ENERGYiMeV)

ously
6 

that in this forward angle limit the full peaking FIGURE I Ratio, R, of eikonal cross sections to SPB
cross srcticns at forward angles versus Dro-

approximation is valid even for symmetric systems. jectile energy for Is-is electron capture in

This means that there is a simple analytic form for the p+H.

is-Is SPB differential cross section, at forward angles We conclude that the forward scattering angles,

namely in the limit as v-. corresponding to distant collisions, there is close -.-. * '-

do, 4 d agreement between eikonal and SPB cross sections for

Q- SPB = a- O=)BK high velocity electron capture.

where BK denotes the well known Brinkman-Kramers J. H. McGuire is supported by the Division of

approximation. Chemical Sciences, U.S. Department of Energy. J. Eichler

Similarly there is a simple form for the is on leave from the Hahn-Meitner Institut, Berlin.

Is-Is eikonal approximation at forward angles,
namely References

1. J. Eichler and F. T. Chan, Phys. Rev. A 20, 104
do do (1979).ido '0 E- ' -O)BK

2. 0. P. Dewangan, J. Phys. B 8, LII9 (1975).
where

-2. tanI(-P_/ZT) 3. J. H. Macek and S. Alston, Phys. Rev. A 26, 250
= e (1982).

9 ,3 .12, 2 1241 4. N. C. Sil and J. H. McGuire, J. Math. Phys. (April,
X[ + ( I ) n +-Cn

4
) (2) 1985) (in press).

Z target chargen
=, 
-1 5. Also see J. S. Briggs, J. H. Macek and K. Taulbjerg, .-. .T Conmunication Atomic and Molecular Physics 12, 1

VZT/V, P (1982).- .. - .

This holds at all velocities. As v goes to infinity, -, 6. 3.H. McGuire, N. C. Sil and P. E. Kletke, preprint.

goes to 9/16. 7. J. S. Briggs, J. Phys. B 10, 3075 (1977).

Thus from Eqns (I) and (2), at very high velo-

cities, the ratio, R, of eikonal to SPB differential

%- - -

***-*.*-.%.' -A
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r.'s roci~ticn for the Cultivition of Sciencce, Calcutta 70OC32. India.

1f lte, much thezoretic~l attentio-n has in £-.'%),thp fl-, neoai2. can b efr -

bee. :3±6i to the eikc-nal approximation for the me(, "nlijl.. he r-s-vlt cf t: i7 inte-ra-

Ftucn% th ;e chzroe tran.afer procecse a. R-crnt- t oQr ccan be obt~pin-'d b,. suitable rarpametric

*)v win.'ar -?r E -has intc cut thamt whenf the in- Oiffenrc.ntiFatirnsct the rr-other irt_rrl of the

* tcrnucl3'nr prterti: l trrn. in7 nenlIected in the ty' e %

eh~2l ilk- ir u'oa_4r v done, the i d- 1. e\d
-e ?.nrvthe 1 2 (3) W_*a 2

* cc r- trncfr a-n]it he b co--c unc.-rtain by c C 2 Au+,
* an un: efr'dra~fco . o he- hac.E inves-ti'--ifin~~~~~fe.r rh.sr fa r w' :-C C are lincens- functi,:-nn oi ae

te 1--. rcur.. -tate rto-hoo . che ro( , - the iriiment aric final

t.-r -for rrch-Ier- In the eioa orxmth -,nu- vroctcrn CC the bound rtxe'o c raon trs. -

ircludino: tlie internuclear notcnti~l term. andcntu ne-oin oe in (3)

Hoa;-vcr, to simplify his c-1LeultJnnF he hAs are c rrj~rcd eut a nalytic7Dly, whsreby %:e are
usef r- ak in,7 aon-oximati-qn which in run nosed to fnlyleft wiit~l! = one OireonLinnal intern-l

be valic- rnly foe ve-ry hi--h ercjectile velocity. "Vru.Zi c!(6cr ee-zl xeedt
here '..e :.r-yoce a3 met,-o6 to -:I, ult the exact calculate the cross section of char-e trarasfcr

-eikorsl oliuefor thc' roarrena-ment cclii- to any hicher exciteO state.

aiKr. roen~ c~In co-un tr- ul ine-Our propored tcchrAcue is als- nuitabtlc for

~cit ou reon-inoto rx 'oaing calculatio n of elastic and excitation cross

* oprociti-n.4 hae rducd th trnei~on s-ctionr in electron atom scatterin. in the
z ccclituee t7 a sn-oe oe din-enriora:_' i,tes frame work of unrestricted Glaube.r a-prcxima-

* ici: c b ev-u~td nmeriall. ~tion, including the electron exchance effect.

7-1i- icr of Dur Pro.posed techniaue. w-e tFurerical results will be presented at

hbve etu,44d' t'" chr- trot-afefcr nrocess this conference.

* h- trnsfer tranrition amplitude References
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(I D.P. Dewan. an, Phys. Rev. A26, 1946 (1982).

dx C' Is~( -P I.S.5radshteyn and 1.-S..Ryzhik. Tabl-s of In-

terrals, Series and Products, p.93 3.e

'li-s 1) ~ 8.310(2) (Academic Press. 1 ew York, 1980).
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ANLTI VAUTINOF SPB AMPLITUDE FO ARIRR NUA MOMENTUMV STATES

N. C. Sil and N. C. Deb

Indian Association for the Cultivation of Science. Jadavpur, Calcutta 700032. India.

The strong potential Born (SPB) approxima- The 0, 4 integrations in (4b) can be
tion has emerged in recent years as a fairly carried out in terms of spherical Bessel func-

good approximation for the investigation of tions:

electron capture problems in high energy asymm- O-2(i) 1
etric collisions. In this approximation the we- f(e P) r = (2 iLp)r+l , Ik -

aker of the interactions - electron target nu- - A

claus and electron-projectile nucleus interac- ar e + 2ALp 1)

tions - is taken to first order and the stron- where 
' -

ger interaction is kept to all orders via 1.. I/2 i--lc+r) . .

L L =i and a r
Coulomb Green's function whereas the nuclear- (L / -- ri n at r.((-r).2r

nuclear interaction is completely neglected.

Macak and Alston
I first systematically de- Substitutinc the results for f(A,p) from

rived the SPB amplitude for electron capture Eq. (5) in Eq. (4a) we can perform the contour

from the ground state to a final state ff (hy- integration with the help of Eq.(3). The inte-

drogenic) for the asymmetric collision where gral I can now be expressed in terms of the
type integrals ' '"

the target charge ZT is greater than the pro- t integrals

jectile charge Zp as (in their notation) G pJ(p2+X2)-M-(A+2Lp)N-idp (6)

2 2 i.T where J, M and N are positive integers.
T =-471z (d6 Of - 4X ___SPB pjfii (23)32 i hIr] The integral G has been evaluated analytically.

T ,.Wher.J=2k (even J)

all i +27 (V2+2 t/) 22l) G = -- (-I) s kC (k2) SAX(2LN-i H(M-k+sN) (7)
4 a u 4 +J (v+ . s.

Treating the term responsible for the and when J = 2k+l (odd J) .

Thomas peak exactly. Sil and McGuire2 expanded G k -(-i) C 2 s 1N+l-iy -
other terms in Eq.(1) in power of Zp/v ofwhkdlch s=0 s 2

terms through first order were considered and H(M-k+s,N+)l (F)

reduced the amplitude into a linear combinationa ~~~~where X1 and X2 are two different constants .-- ' --J
of one dimensional integrals. We consider the 1here an 2artw d en.c

zeroth order term in this expansion depending on(N.lM, / and i .and +.

Ch /_H(M.N) = e (a-i) 1 2T( . 21Y'-2d ;(6) (2)TS7-()
S _

2
_ _ F[(

2
/2)F(-2T 1 - 2-I)(-T1 -1/2)

where C, hO , ' " , T, S are defined in Fef.(2 2+1

Using the general expression for *f(6) and 2 1- 2
the integral representation (cf. Ref.3) 2 FI(-2X1 -r2- 1 I "  i2' z) 19 -

(i(n) (.lin (A)()ifn-l-AxdA with
x =21 sin(itX-A) e l=-M-iv, T2 =N-i, CL=A/2L\ and Z=(a+i)/(a-i).(3)- 2" ".

the f-integral in Eq. (2) can be reduced to the
Reference

type integral
I J.Macek and. S.Alstnr, . ys. Rov. A26. 25C

p R (p2+k2 )-M-iy 1 2 (19R2).
0r_2i sin(ivff)f7(iV) 2 N.C.Sil and J.H.:cGuire, Z. Math. Phyr. (in"

f(A~pd~ldpre-r).
(-.A) - eA fAp~Ad (4a) 3I.S.Gradshteyn on I.Ryzhik, labtlor of

D Integrals, series an, productr, p. 9 33,' o.31O.
where

(2) (Acarcepsic Press, t~w Ynrl-,, l9<'). .

f(A-p) - e2
1

A.p Y m(p)dA (4b)
w i t h 

""

JA =V (u-iv)2*K2,i= i3-it, 7, R and M are posi-

tive integers. "..

.". i":-. _w
• .-.'.-; - ',. :--'-..=.-.... .-- ..'-'...- ..i- i- . --. --.-. - ,".. .-' - .; . " .- - .. -.-. ?. ,. .., . ...- - -. ...."...
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CONVOY ELECTRONS FROM 100 KeV H ON CARBON FOILS MEASURED IN COINCIDENCE WITH EMERGING PROTONS AND H ATOMS '-

* + ' .,' ...

P. Focke, W. Meckbach and I. Nemirovsky; S.D. Berry and I.A. Sellin;
+ 

M.G. Menendez and M.M. Duncan
++

*Centro Atomico Bariloche and Instituto Balseiro, S.C. de Bariloche, Argentina

University of Tennessee, Knoxville, TN 37996 and Oak Ridge National Laboratory, Oak Ridge, TN 37831

++ University of Georgia, Athens, GA 30602

There continues to be a great deal of interest in This work has been supported, in part, by CNEA

pinpointing the processes responsible for the production (Argentina), NSF Divisions of International Programs

of beam-foil convoy electrons. Much of the recent work and Physics, and US-DOE under contract DE-ACO5-840R21400

has been devoted to attributing the origin of these with Martin Marietta Energy Systems, Inc.

electrons to either production near the exit surface or References

within the bulk'
2
'
3
'
4
. 1. M. Breinig, et al., Phys. Rev. A25, 3015 (1982).

In a previous experiment performed by Laubert, et 2. H.-D. Betz, et al., Phys. Rev. Lett. 50, 34 (1983).

al. 
5
, using carbon, oxygen, and silicon projectiles 3. Y. Yamazaki and N. Oda, Phys. Rev. Lett. 52, 29

(12-30 MeV) incident on carbon, aluminum, and gold (1984).

foils, the shape of the convoy spectrum measured in 4. l.A. Sellin, et al., Lecture Notes in Physics 213,

coincidence with each emerging charge state and the 109 (1984).

yield per emergent ion were found to be substantially 5. Roman Laubert, S. Huldt, M. Breinig, L. Liljeby,

independent of the ion charge state. The results of S. Elston, R.S. Thoe and I.A. Sellin, J. Phys. B 14,

this experiment argues strongly against a surface-layer 859 (1981).

origin for the convoy electrons, at least, for fast,

heavy ion projectiles.

* Recently, we have performed a version of the above

experiment with a substantially different projectile Z

and velocity, Proton beams from the Centro Atomico

Bariloche Kevatron at 107 KeV were charge neutralized

in a low pressure gas cell. Electrostatic plates down-

stream removed the proton component of the beam. The

incident H atom beam traversed a 2-3 pig/cm
2 carbon foil . -

(equilibrium thickness) located at the entrance focus ... -..-

of a cylindrical mirror electrostatic electron energy

analyzer where convoy electrons emitted within a half-

angle of 2.6 were collected. The protons and hydrogen

atoms emergent from the foil passed through another

electric field which served to deflect the protons. A

movable ceramic channel electron multiplier was placed

so as to selectively collect each charge state.

Some preliminary results of this experiment were:

(1) unlike Ref. (51, the coincidence yield exhibited a

strong dependence on the charge state of the emergent

particle; (2) the coincidence yield per emergent H atom

was found to be non-zero - this is qualitatively consis-

tent with H atoms arising from the subsequent neutral-
ization of protons associated with a convoy electron

production event toward the end of the projectile's

path through the foil.

These measurements at 100 KeV/amu are being

repeated and extended to higher energies at The Univer-

sity of Georgia. .

i .y, , ,'... ...' , '. •.-.-.°.. °.....-..........-.-..-.._............,...........,,.-.............'........,........-...."...,.....-..."..-..-....-........-,.....
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CHARGE CHANGING PROCESSES IN HIGHLY CHARGED (V'? v 0 ) ION-ATOM COLLISIONS STUDIED BY O -ELECTRON SPECTROSCOPY -

L.H.Andersen, P.Hvelplund, H.Knudsen, and J.O.Pedersen

Institute of Physics, University of Aarhus, DK-8000 Aarhus, Denmark

In collisions between i.ghly charged ions of medium systems C
2+
, 0

4+
, F5+(is 2s 

2
) on Ar and 20 MeV Au

g+ 
on He

and high velocity (V) and atoms both single electron pro- at medium projectile velocity. At high projectile veloci- . . -.

cesses (Electron Capture to the Continuum) and multiple ty double projectile excitation (DE) takes over as the .

electron processes (Transfer Ionization, and in some ca- dominating process leading to such emission. -*-.

ses Transfer Excitation and Double Excitation) lead to
... .I I I l I I I . ..: 

[ " '

creation of free electrons that are slow in the project-

ile frame. Essential features of these processes can

therefore conveniently be studied by O°-electron spec-

troscopy which is especially sensitive to such electrons

(1). In order to establish in which reaction channel the

electron was created it is often necessary to measure

emitted electrons in coincidence with the outgoing ionic 2
charge state.

The ECe mechanism leads to a cusp at V =V. Taking 0

e 9
into account the spectrometer transmission function such 0

spectra can be fitted to a multipole expansion of the o *(TI)

double differential cross section for electron scatter -. .._

ing in the projectile rest frame where the leading terms _

are:

d2 ) .(o) (0) (0)
~iprj 0 (+(B /B0  )cos&'.. 1

dE proj 1 0i -5/o ) o '+ . . I - 4- -3 -2 -1 0 1 2 3 4 5-" -"- .

and 3' is the projectile frame scattering angle. The ENERGY(PRO)IeV

basic information about the ECC process lies in the two

coefficients of eq.(1). In our experimental investigation

we used a He target and 1'- 3 MeV H, 1 -10 MeV He', Figure 1 ECC and TI electron spectra for 20 MeV Au - - -

12- 40 MeV O, and 20-72 MeV Au11+ projectiles to de- (q= 1,15) on He.

termine the ion velocity and charge dependency of the two ".. -

coefficients. References

We have performed a similar cusp-shape analysis to (1) L.H.Andersen, M.Frost, P.Hvelplund, and H.Knudsen, J.

investigate the TI process in the collision system 20 MeV Phys.B 17, 4701 (1984)

Auq++He as it was found that in this case TI results in (2) M.R.C.McDowell and R.K.Janev, .J.Phys.B 17, 2295 (1984)

one projectile bound-state electron and one low-energy

projectile continuum electron. Thus TI results in a cusp

of electrons in the q'q-l co incidence channel. From the

cusp-shape analysis, it was shown that for q' l
5
, most

likely two electrons are transferred to the projectile,

one of which is subsequently lost to the continuum. By

considering total TI cross sections, it was found (2)

that the independent-particle approximation is invalid

for this process, and we suggest that the electron loss

is caused by the creation and decay of a highly excited,

highly correlated two-electron state. Thus, despite the

high ionic charge, electron-electron correlation is be-

lieved to play a significant role in this process.

The TE process may lead to emission of projectile

frame slow electrons of discrete energy. We have studied

the cross section for such emission for the collision

...... .. '..... .. . . ... .. .

.* . . . .- . .° .. ". -. ,"...
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THRESHOLD LAW FOR SIMULTANEOUS RYDBERG ELECTRON AND CONVOY ELECTRON PRODUCTION

H.-P. H(llsk6tter, M. Breinig, J. Burgd6rfer, S.B. Elston, P. Engar and I. A. Sellin

University of Tennessee, Knoxville, TN 37996 and Oak Ridge National Laboratory, Oak Ridge, TN 37831

Tne threshold behavior of the cross section for finally an electrostatic charge state analyzer. The

break-up of a three-body Coulomb interacting system dimensions of the 30
0
-analyzer have been chosen to . ,

has become of considerable interest in recent years minimize the field strength and consequently to maximize

Previous experiments involving these threshold the transmission of Rydberg electrons. The inhomogeneous- 'k1.i 
-

laws nave been -arried out with either electron [2) field stripper consists of two concentric spheres.

or photon impact L31 to produce doubly excited states The ion beam passes through it in a radial direction.

in the threshold continuum. They show agreement with Because different n-states are ionized at different

the pioneering classical analysis by Wannier 4] predicting positions inside the stripper, an interval of approximately

a threshold law 10 to 20 n-levels is detected with one applied voltage.

Since the gain in kinetic energy depends on the position -.

( En (1) of ionization of the Rydberg electron [7), the n-distri- -i

E-O bution within such an interval can be measured with . -

high resolution. By varying the voltage we scan over,

where the Wannier exponent is given by the Rydberg distribution.

1 IOOZ-9 tExperimental data will be presented for the energy

m - ( ) - 1). (2) partition between convoy and Rydberg electrons and
4 4Z-1 the Z dependence of the Wannier exponent.

Work supported in part by the National Science

This exponent has later been confirmed by a quantum Foundation; and by the U.S. Department of Energy, under

mechanical analysis using three-body Coulomb wave functions contract DE-ACO5-840R21 400 with Martin Marietta Energy

near threshold [5]. Extrapolating the Wannier continuum Systems, Inc.

functions across the ionization limit Feagin and Macek References

C6] have calculated the positions and width of a Rydberg [I] See for example, XIII ICPEAC (Berlin) 1983, book

series of doubly excited resonances, of invited papers.

Our experiment tests the Wannier threshold law [2] P. Hammond, F.H. Read and G.C. King, J. Phys. B. 17,

for a closely related but not previously explored process 2925 (1984).

in which a doubly excited state is produced with the [3) Y.K. Bae, M.J. Coggiola and J.R. Peterson, XIII

one electron in the low-energy continuum while simultan- ICPEAC (Berlin) 1983, p. 783.

eously another electron is excited to a high Rydberg [4] G.H. Wannier, Phys. Rev. 90, 817 (1953).

state close to one-electron ionization threshold. [5] A.P. Rau, Phys. Rev. A4, 207 (1971).

Since the total energy of this doubly excited state [6) J.M. Feagin and J. Macek, J. Phys. B17, L245 (1984).

is close to the three-body break-up threshold energy, [7) K.B. MacAdam and R.G. Rolfes, Rev. Sdl. Instrum. 53,

the Wannier threshold law should be reflected in the 592 (1982).

n distribution of the Rydberg electron and the velocity

distribution of the continuum electron, a) b) c) d) e) f)

Fast Oq ions traversing solid targets may exit

in highly excited states or may be accompanied by convoy 
--

------

electrons moving with velocity, ve approximately equal

to ion velocity v. Those convoy electrons lie in the convoy-e Rydberg-e" -
low-energy continuum in the rest frame of the projec- signal , , signal

tile. We measure triple coincidences of a convoy electron,
I CO1INENE

a Rydberg elect-on, and the charge state of the outgoing ELERONICS ion signe1

projectile.

The experimental setup consists of a 300 analyzer, Fig. 1. A schematic diagram of the experimental setup:

with its focus at the foil, to detect the convoy electrons, a) foil, b) 3
0
*analyzer, c) inhomogeneous-field stripper, -

an inhomogeneous-field stripper followed by a spherical d) spherical sector analyzer, e) charge state analyzer,

sector analyzer to detect the Rydberg electrons and f) Faraday cup

-6-. % .- -
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STATISTICAL MILTIPOLES FOR CUSP ELECTRONS kNn RYDRERG ELECTRONS

Joachim Burgdiirfer

University of Tennessee, Knoxville, TN 379Q6 and Oak Ridge National Laboratory, Oak Ridge, TN 37831

Cross sections for electron emission in inelastic electrons. Using the continuity of <Uokx across the ioni-
ion-atom collisions show a strong enhancement at electron zation limit the multipole moments nf Rydberg electrons -- '. -

velocities ve approximately equal to the projectile velo- may he deduced when anisotropies of cusp electrons are

city Vp. This gives rise to a cusp in the experimentally known, and vice versa. .

observed doubly-differential cross section (DOCS) do/dv As an application of this approach we present a '., 2

where v = ve - vp denotes the electron velocity in the simultaneous theoretical determination of bound-state and .

rest frame of the projectile. Two different processes continuum state multipoles for direct excitation (Fig. 1)

contribute to the cusp: target ionization (i.e., electron and charge transfer in the Born and the Continuum - -

capture to continuum (ECC)) and projectile ionization nistorted Wave approximations, respectively. Comparison

(i.e., electron loss to continuum (ELC)). In both cases, will be made with recent experimental data
2
,
5 

for ELC

the final electronic state lies in the low-energy con- (0 5+ + He n n 6+ + He + £1 and the ECC (C
6
+ + H *C

6
.

tinuum (vf) of the projectile. + e + H+). The dipole moment of a high Rydberg orbit

Recent experimentsl, 2 display a large variety of formed by charge transfer will be deterrined for the

anisotropies and asymmetries descrihed by nonvanishing first time.

anisotropy coefficients Bk in the multipole expansion of Work supported by the National Science Foundation,

its )DCS the .S. Department of Energy, under contract

DE-ACO5-840R21400 with Martin Marietta Energy Systems,
da . k:= 4 k (cos 8) . () Inc., and the Deutsche Forschungsgemeinschaft

(Sonderforschungsbereich 161).

High-order multipoles (k2) in the electron distribution

provide detailed information on the excitation function References

not easily accessible by other means (e.g., dipole
radiation). The presence of high-order multipoles in the 1 W. Meckbach, R. Vidal, P. Focke, I. R. Nemirovski,

and C. E. Gonzales-Lepera, Phys. Rev. Lett. 5?, 621 F
near-zero velocity continuum is linked to Wigner's (1984).

threshold law for an attractive Coulomb field
3 
predicting 2. S. B. Elston, S. D. Berry, M. Breinig, R. DeSerio, C.

that all partial-waves are present at threshold. Cusp E. Gonzales Lepera, I. A. Sellin, K. 0. Groeneveld,
n. Hofmann, P. Koschar, I. B. Nemirovski, and L. I.

anisotropies can therefore traced to coherences between Liljehy in Lecture Notes in Physics 213 . ,

different partial waves. (Springer-Verlag, Berlin, 1984), p. 75.

We have developed a unified description of cusp 3. E. P. Wigner, Phys. Rev. 73, 1002 (194B). "
anisotropies in terms of statistical multipoles <4n>, ac vy4. 1). Fano and J. Macek, Rev. Mod. Phys. 4.3, 553 (1973)..-.--,.-

Bk (2k+1)l12 S">() '. S. D. Berry, G. A. Glass, 1. A. Sellin, K. 0.
<19 >Groeneveld, D. Hofmann, L. H. Andersen, M. Breinig, S.

B. Elston, P. Engar, and M. Schauer, Phys. Rev. A
The spherical multipoles U are built up by the two (1R95) in press.

generators of the dynamical n(4) symmetry group of the

Coulomh field, the angular momentum L and the Runge-Lenz 6, O

vector A. The statistical multipoles <U4> contain the %

orientation and alignment parameters introduced by Fano
4 L *:

and Macek for bound-state excitation as a subset. They .::;

yield a systematic expansion of various cusp anisotropies

in terms of partial-wave coherences in the threshold con-. . ..

t inuum. .: : :

The present approach permits a unified descriptinn of :::::'./..:....

anisotropic electronic distribution in high Rydberg sta-

tes and low-lying continuum states. The same set of .-o ..-. ." "

multipoles <k> determines the multipolarity of the .-. ... "

hound-state electronic distribution in high Rydherg sta- '

tes and the multipolarity of the emitted low-energy Figure 1: Electron distribution for ELC H( .s) He. +-
He + e at vp - 1, a.'I.
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THE V=V PEAK IN H°+H2
0 

COLLISIONS

M.E. Rudd and M.A. Bolorizadeh,
+ 

University of Nebraska, Lincoln, NE 68588-0111

a Charge transfer to the continuum1 (CTC) is known

to produce a peak in the spectrum of electrons ejected 1000

in ion-atom collisions at a velocity v=vp where Vp is , .

the projectile velocity. A similar peak appears in

collisions in which the incident ion carries one or more 100 -

electrons. This peak, first noted by Wilson and
Toburen,

2 
arises from electrons, detached from the pro-

jectile, making elastic collisions with the target. 10-

The peak due to this mechanism (called electron loss to

the continuum or ELC) is not as sharply peaked in the

forward direction as the CTC peak, but as for elastic &
electron scattering, it falls off with increasing angle. 10 30r 60r 90r 120 O 156' 180

ELC peaks have also been seen in H°-He collisions
3 

and

in H'-Ar collisions.
4  Fg 2: Lower curve; height of the peak in the ratio

Of to H
+ 

cross sections vs angle. Upper curve;
Our recent measurements of doubly differential height of the peak in the curve of v

2 
[o(HO)-o(H+)].

For this curve the units on the ordinate arecross sections for ejection of electrons from water -22 mhisrv
vapor by H

+ 
and H

° 
from 20-150 keV yield additional

information about the v=v peak. Fig. 1 shows the The rise in the backward direction can be partiallyinomto 0bu to epandatheos nterfrnc rm fteH
peaks in plots of the ratio of cross sections of H to explained as follows. In the reference frame of the H

0

H
+
. For small angles the size of the peak decreases projectile, the target molecule has a velocity vp in the

with increasing angle, but the peak becomes unexpectedly backward direction. During a binary collision it ejects

large again at large angles. Fig. 2 shows the peak an electron from the H
0 

at an angle e' with a velocity

height vs angle. Also shown is the absolute height to 2v cos e'. See Fig. 3. Translating to the laboratory--'-
p

indicate that the rise of the v=v cross section in the frame, we add the vector vp in the forward direction.
p "

backward direction is real and not just relative to the The resultant can easily be shown to be a velocity vp at

proton cross section. an angle e where e>90
°
. So, while the forward v=v

peak is due to ELC, the backward peak can be interpreted ....

50 as due in part to the binary encounter peak from the

projectile translated to the laboratory reference frame.

0
+ 10 If .•..°

°
- 1 08

00

0 Vp

0Fig. : Velocity vector diagram

We wish to thank J. Macek for helpful discussions.
V*This paper is based on work performed under National l --

1 Science Foundation Grants No. PHY82-25500 and

1 2 PHY-8401328.+Present address, Kerman University, Kerman, Iran.

Fig. 1: Ratio of cross sections for ejection of References
electrons by HO to those for H

+
. The curves have 1. Joseph Macek, Phys. Rev. A 1, 235 (1970).

been displaced in the vertical direction by arbi- 2. W.E. Wilson and L.H. Toburen, Phys. Rev. A 7, 1535
trary amounts for clarity, Beam energy, 150 keV. (1973).

3. M.E. Rudd, J.S. Risley, J. Fryar, and R.G. Rolfes,
Phys. Rev. A 21, 506 (1980).

4. M.M. Duncan and M.G. Menendez, Phys. Rev. A 19, 49
(1979).

J . -%. .
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ON THE PRODUCTION OF CONVOY-ELECTRONS IN ION-FOIL INTERACTION

++

R.Schramm*, H.-D.Betz*, P.Koschar , M.Burkhardt+, J.Kemmler
+
, O.Heil

+
, and K.O.Groeneveld "

*Sektion Physik, Universit~t Mnchen, 8046 Garching, W.-Germany
+ Institut fur Kernphysik, August-Euler-Str. 6, 6 Frankfurt, W.-Germany

In a recent Letter
1 

it has been predicted 100

that the yield of convoy electrons obtained in S---C

fast ion-solid interaction should exhibit a de-

pendence on the charge state of the incident

ions, in marked contradiction to other assump- t5 M A

tions
2
,
3
. So far, pronounced target-thickness

dependent yields have been observed especially c q

for molecular ions (H+)traversing carbon .. "

foils u.
013

The Munich Tandem van-de-Graaff accelera- L
tor was used to pass 125-MeV sulfur ions with (3 ..-

initial charge states 10
+ 

to 16
+ 
through carbon , I

foils with thicknesses between 2- and 200 4g/cm'.-'

A magnetic spectrometer served to measure con- Taret Thicknes jglom2I

voy electrons ejected into the forward direc- Fig.2: Yield of convoy electrons as a function ,- .,*. - -

of carbon tarqet thickness; parameter is the
tion (0+0.30). Fig.1 displays an electron spec- charge of the incident 125-MeV sulfur ions.

trum and shows both the cusp shaped convoy-elec-
--. the major part of convoy electrons arises

tron peak and the binary-encounter peak which

reflects the doppler-broadened Compton profile 
due to loss of projectile electrons to the

continuum (ELC-orocess);
of the target electrons.

- the form of the tarqet-thickness dependence
Fig.2 gives the yield of convoy electrons

for various target thicknesses and incident of the convoy electron yield reflects the

charge states. Below -50 ag/cm' the yield is evolution of charge- and excitation states

found to depend strongly on the target thick- 
of the projectile inside the solid.

ness, whereas above -100 4g/cm' all measured As regards the latter point, we like to

yields agree within less than 10%. It becomes emphasize that the mean free path of convoy-. -

obvious that the yield increases with the num- electrons can not be directly extracted from

ber of projectile electrons brought into the the type of data shown in Fiq.2; such attempts

collisions in the target, and equilibrates in must be viewed with suspicion At present, we

accordance with the distribution of ionic charge- tzy to exploit our data to obtain realistic

and excitation states . We conclude as follows: mean free paths taking into account charge ex-

change of the ions and multiple scattering of

the electrons.
s-.c , 00 .ii [

This work was supported by the Bundesministe-

rium fUr Forschuno und Technologie.

102 References
:3 BEP1. H.-D.Betz et al., PRI, 50,34(1983)." 10 2. l.A.Sellin et al., NIM 170,557(1980). 4

" 3. 1.A.Sellin, in "Ph,'sics of Electronic and
0 I I Atomi, Collisions (S.Datz,ed.), p.195, . "-

I North-Holland, New York (1982); see also

VP 2VP .Ve[ section IV, available fror the author.
P 4. P.Koschar et al., in "Ilecture Notes in Phy-

sics" (11..raki et al., ed.), Vol.213, p.
129

Fig.1: Yield of electrons observed in forward Sprincger, Berlin 11984).
direction, for 125-MeV sulfur ions in 4.5 eg/cm.
carbon, as a function of electron velocity. 5. I.A.Sellin et al., ebd., u. 109. .

. - . . . . .
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DEPENDENCE OF THE ECC "CUSP" YIELD ON THE PROJECTILE Z
FROM THE STUDY OF THE SIMPLEST COLLISION SYSTEMS

0. BerdnyiV, A. Kover, Gy. Szabo , L. Gulyas , K.O. Groeneveld,

D. Hoffmann and M. Burkhard-

Institute of Nuclear Research of the Hung. Acad. Sci, Debrecen, Hungary

Institute for Nuclear Physics of 3.W. Goethe Univ. Frankfurt/. Germany

:, As is well-known, in the electron spectrum from

ion-atoe collisions a cusp-soaped peak is observed in
the forward direction centered near the velocity of the

projectile. The dependence of the cusp yield on the Z ro. Cs intensity

of tne Projectile has been studied only in the case of

r,av\ inns '. However, no experimental data have been for bare ion
published on this dependence for the simplest collision impact
systems.

In the present study the cusp was studied in

H- He and He
*
*- He collisions at 0.4, 0.5 ano 0.6 t -

MeV..amu impact energies.f 10" .

The measurements were carried out at the 2.4 MV ,

tan de Graaff accelerator of the Institute for Nuclear - '
C-Physics of the 3.W. Goethe University, Frankfurt/M. by .

using a special double pass cylindrical mirror electron ,l

spectrometer /ESA-13/ constructed in ATOMKI, Debrecen
2 /
. t-

Here the angular acceptance of the measured electrons is -

determined at the esit of the spectrometer. 101

The etaluation of the spectra from the point of .

.;.. . ...... ........ rid out in to different Y c Z
2  0

ways. First the cusp intensities were determined by

substraction of the continuous "background" in the A
spectra, and on the basis of these values, the exponent
of Z was calculated. On the other hand the basis for theI

determination of Z dependence was the cusp intensity 
0 5 10 ,0--. 1 5 10 50--'•'

between the velocity limits /1-a/ and /l~a/, wherep ji l Z
.- - 0.04 around the top of the cusp. Both methods gave

2.5 - 0.3 for the exponent in the present study /the

corresponding value obtained at heavy ions is equal to Fig.l. The present yield value for He- projectile

2.3 _
+ 

0.3,.
/  

/normalized by the help of our datum for H+/

* If we insert our cusp intensity values for He'* fits well to Breinig et al. 
3/ 

data in the Z

projectile into the diagram of Sellin et al. /after dependence diagram obtained at heavier incident

normalization at H+/, it fits well on straight line as ions /C , 0 , silI/

can be seen in Fig. i /the geometrical conditions and

the energy resolution are nearly the same in the two References

cases/, although the present datum was determined in the 1/ C.R. Vane, I.A. Sellin, M. Suter, G. Alton, S.B.

0.4 - 0.6 ,leV/amu impact energy interval and that of Elston, P.M. Griffin and R.S. Thoe, Phys. Rev. Lett.

Sellin et al. was observed at 2.5 I.eV/amu in case of 40 /1978/ 1020.

Fig. 1. 2/ 0. Ber-nyi, L. Guly-s, A. Kov7r, E. Szmola, Gy. Szab6,

It can be stated that the 1 dependence of the cusp M. Burkhard and k.O. Groeneveld, Proc. Aarhus Conf.

ie ld at bare projectiles seems to be the same in a Lecture Notes in Phys. 213. Springer Vlg., 1984. p.71.

broad impact energy region both for light and heavier 3/ M. Breinig, S.B. Elston, S. Huldt, L. Kiljeby, C.R.

incident ions. Vane, 5.0. Berry, G.A. Glass, M. Schauer, I.A. Sellin,

G.O. Alton, S. Datz, S. Overbury, R. Laubert and M.
Suter, Phys. Rev. A25 /1982/ 3015.

-.. ... ... .. ... -.-.

, • . . . i . . .l I I • . ---. . . . . . . . . . .. ii-l~i. . . .l- . . . . -- l .
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RADIATIVE ELECTRO:1 CAPTr1PF IN PRnTON-HYDROGEN COLLISION

Jorge E. Miraglia

Instituto de Astronomfa y Ftsica del Espacio, C.C.: 67, Suc.; 28, 1428 Buenos Aires, Argentina

The IS-IS proton-hydrogen radiative electron capture References

has been studied within the nonrelativistic semiclas-
sical approximation. In this approach the radiation- I. J.S. Briggs and K. Dettmann, Phys. Rev. Lett. 33,

p p . pp 1123 (1974).

matter matrix element is calculated in first pertur- 
'4

bative order , with the use of distorted wave functions 2. A. Gonzalez and J.E. Miraglia, Phys. Rev. A 30, %

currently used in mechanical collision theory. 2292 (1984).
S r t - i e o i t o s a3. K. Dettmann, Springer Tracts in Modern Physics 58,
Several three-particle theoretical methods such as: 119 (1971).

the continuum distorted wave (COW), first Born, and,' ' ' ~4. R.D. Rivarola and J.E. Miraglia, J. Phys. B 15, " ''

the exact and peaking impulse approximations ( EIA 4. "'-" -"

2221 (1982).
,- and PIA) have been applied.

5. H. Gorritz, J.S. Briggs and S. Alston, J. Phys. B
The CW is found to present a projectil angular dis-66 (1983).

tribution with two critical angles, i.e. two enhance- L

ments. These critical angles depend on the emitted

photon energy. The positions of these peaks occur at

projectile angle

where OI is the critical angle of Thomas
3 

which

occurs in the mechanical electron capture, Q is the I'II

photon energy and I is the projectile velocity. At _e-P RECOMBINATION
et the differential cross section presents delta-

type behaviours. These critical angles can be physi- Z -6 BORN •9 0
cally explained in terms of a mechanial collision with i-

the projectile (or the target) followed (or preceded)

by an interaction with the radiation field. Note when

Cj 0 , coincide with the Thomas' one. Unlike the V) 10-

4 C)
mechanical electron capture , we found that the contri- .

bution of these critical angles to the total cross

section can be neglected. -I

We found that the exact impulse approximation presents 0 10'_-_

no critical angle.

We have also calculated total cross sections, and found

that all the distorted wave methods considereo tend to COW

the first order Born approximation as the projectile

• .velocity increases, in contrast with the strong poten-

tial Born theory
5 

(see the figure). Furthermore, the
0

,° three-particle Born approximation tends, as far as the

total cross section is concerned, to the binary O EIA." I-

. electron-projectile radiative recombination, as provet

in reference 1. 0

0.1
1. 10. 100 100(

PROTON ENEkGY IKeV)

.............................................
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X-RAY DIFFERENTIAL CROSS SECTION FOR RADIATIVE ELECTRON CAPTURE

J.E. Kiraglia. C.R. Garibotti+* and A. Gonzalez

#Instituto de Attronomia y Fis. del Espacio, CC 67, Suc. 28, 1428 Buenos Aires, Argentina.

*Instituto Balseiro, 8400 S.C. de Bariloche, R.N., Argentina. -

Consejo Nacional de Investigeciones Cientificas y Tfcnicas.

X-ray cross sections for high energy Ar
1 7+ 

and

Ne ions passing through neutral He and Ne targets , ,."t
I

have been measured by Kienle et al . The structures

and enhacements in the experimental photon spectrum "

produced in radiative electron capture (REC) are not on "e

'.20
.- fully explained by the K-K capture considered up to

now. Here we obtain a detailed description of it, in

terms of electronic transitions from K or higher target

shells to projectile shells. We applied the usual "--.

theoretical treatment • Using first order Born wave

functions, the five-fold differential cross section

reads3: U ": -" dr""DE.V,,w r'r- I 2 '.

= Iw~f 2r) W.) L . W' I A. i i. C; P. (e V

Here ;, and ;f are the Fourier transformations of the Fig.l: Differential cross section for x-rays emitted

initial and final states; W and W depend on the at 90 degrees from the incident beam. Ne on He at 140

initial and final momenta; W -K -eTK, W K -up K and 21ev Incident energy. --. present theoretical
T f T i P I pf

7 are the polarization vectors. The electronic results. -- ; previous theoretical results .

initial and final states are described by Clementi- experimental results.

Roetti and hydrogenic wave functions respectively. > -N%.o

The X-ray spectrum associate with the i-f REC C . -

transition has an enhancement with a shape determined 30

by the momentum distribution of the initial state .on e

li(WT). The position of the peak occurs when WT is " '

minimum and is located near a0 - v
2
/2 + tI-.f since

-

the projectile is mainly scattered in forward

direction.

Our theoretical results for the photon emission

cross section at 90 degrees relative to the incident - . . __

beam are compared in figs. I and 2 with the 2 6 •

corresponding experimental data for two different ,; ':: ('ev)

processes. In figure 1, the results for the reaction: F As in fig. I for the process Ne on Ne at 140 .,%

0 (20 10 209+ f1Mev incident energy.
Ne + He(ls) -. 2e (nfIm) + He+(Is)

are displayed for 140 Mev incident energy. The K-K We conclude that the enhacements in the photon

(Is-ls), K -- L(Is-2s,ls-2p 0 1) transitions are spectrum associate with REC processes, and not

included. In fig. 2 we show results for: explained before, are due to the capture into excited

20Ne 10+ Ne(nim ) _.20 N e 9 (n f Ifm f ) + Ne+ projectile states or to the capture of electrons coming

at 140 Mev. The K-* K,L, and L- K,L,M transitions from higher target shells.

are considered. In both fi gures the solid curve I. P. Kinlc tt al. PhvN.Rev. Letr. 31, 1099 (1973).

represents the sum of all contributions to the cross 2. J.S. Brizcs, K. Dettinn, Phva.Rev.Lett. 33, 1123(1974)

section. J. Phvs. B 10, 1113 (1977)
3. A.D. ConzPle7,. . iraglia, Phvs.Rev. A30, 2292 (1984).

~~~~~~~~~~..... .. .. ............... .__J........... ..+k+ . " "_ .. _ . _ __+.T
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.4. REATIVISTIC TRMEAThr OF RADIATIVE Er CAPTURE

K.HIM, I.SHIMAMURA*, and T.WATANAE* . .

Department of Applied Physics, Tokyo University, Bunkyo-ku, Tokyo 113 Japan
The Institute of Physical and chemical Research, Wako-shi, Saitama 351 -01 Japan

It has been clarified that the process of radiative Kabc= (1 -Fab c ) F,abc (2) --

electron capture (REC) cannot be treated by the non- where S'F,a, Gbc, and Kabc stand for a one-body, a two-

relativistic quantum mechanical theory. The first reason body, and a three-body propagators, respectively, and

is that non-relativistic formula for REC process except Fabc represents the relativistic Weinberg kernel. A

in the c.m. frame leads always to the so-called three-body REC propagator, Kabc, , is easily introduced, '.4. .

"spurious radiation" |1 ). Secondly, if the interaction of by using Schwinger's method of functional derivative
radiation field with the three charged particles; i.e. about the external c-number source, J (2) as

projectile nucleus (charge Za and mass ma),target KaM, =<0( UO)"-if[O( IO0KaIcl/'J , (3)

nucleus (Zb and mb), and a bound electron (Zc and mc), where <01U10) means a scattering matrix bracketted by A-.

are considered in the c.m. frame by non-relativistic vaccuum states. The terms, M, corresponding to those in

quantum mechanical method, another radiation term comes the square bracket of eq.(1) are expressed as

out. This term depends on the masses of projectile and M=Za( ae)Db(K')Dc(P-K'} ZbDa(K)(rbe"

target nuclei, that is, the nuclear contributions to the DC(P'-K)+ZcDa(K)Db(K')( Ce) (4)

photon emission cross section become comparable to the A -

electron contribution. The transition matrix, Tfi, of P. K' P. K' P. K' •. ..--q-,

the 1st.- order Born approximation for REC process is I

*written in natural units ()I=c=1) by k k
Tfi=-irr/2 )1/2(e.,uv)[Za/ma-(Zb+Zc)/(mb+mc) v4(Pi) Dc( Y."a..(P'-K

where /,U =maemb~inc?/(ma~mb+mc), e is the polarization K P K P

vector, v the incident velocity, and the others have " ".a c b a c b a ---
," . usual meanings. However, such projectile mass dependence .-. -

(isotope effect) was not observed in the recent Fig.1 Feynmen diagrams of the lst.-order REC S-matrix

experiment of Neg + an 3 He target and on 4H, target. K:incident vector of a, K':recoil vector of b, P and

In addition, recent experimental measurements in P':barycentric vectors of (b-c) and (a-c),

relativistic impact velocity region shows that the ..spectively, and k:emitted photon vector
- differential cross section for REC is proportional to Dk(P)=-ipr km k  (ka, b, and c)

squared sine of scattering angle in the laboratory Furthermore, the Feynman diagrams of the lowest-order S-

frame. On the other hand, that in the c.m. frame is matrix are discribed in Fig.1 including the meanings of

. proportional to squared sine of scattering angle in the some vectors and Da(K), etc. Taking the non-relativistic

c.m. coordinate, limit in eq.(5) by means of the approximation,

In this article we will present the formulation of (r)--p/m and <T-4 )-I, where < ) )=<u+ju>, gets to

REC process from the viewpoint of relativistic quantum the following conclusion in the c.m. frame;

field theory; particular attention will be paid for the <M) (eLv)[mbmcZa/ma-ma(mcZb+mbZc)  (5)

elimination of nuclear mass dependence term from the By the way, another interaction, M', instead of M is

- transition matrix element. However, all features of defined as

cross section for REC will be able to be successfully 'M' =Zaae)+Zb1 be)+Zc( Ce) , (6) -" -I

explained by introducing this covariant formulation, which, in fact, leads to the same result of the isotope

Here, all of the particles are considered as half- effect expressed in eq,(l). However, M' cannot be

spin fermions. The grand assumption is set up as obtained from the covariant treatment. .-.-

follows. Non-relativistic Weinberg equation would be
extended directly to the relativistic formula except for References

equation can be symbolically written as (2)J.Schwinqer:Pro.Nat.Acd.tUISA.3,452 and 455(1951)

•..-. . •........................................, . . . .

:" " -,,'. ,'i:'- " . .. .. .. . '-..' "-_,- .-_,-A ':'.. . . .. . .. '. .""-.""..".. .".".. . . . . . .-.. .... .-.. . . . .... . . . . . ._.
"
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INNER SHELL V"ACANCY PRODUCTION AND RADIATIVE ELECTRON CAPTURE IN

ATOMIC COLLISIONS WITH HIGH ENERGY HEAVY IONS

D.H.H. Hoffmann R. Anholt P.H. Mokler* W.A. Sch6nfeldt E. Morenzoni,
GSI-Darmstadt, Germany Stanford University. Stanford, California 94305 USA

ETH-Zurich, Switzerland

The processes of inner shell excitation have been into bare ions- provides a tool to determine the average 7.

investigated only very little for energies above TO number of K-shell vacancies N while the projectile is %
MeV/u, but very intensive studies to explore inner passing through the material according to the relation

shell ionization phenomena have been performed in pre- [NKv/
2

] /2 [ K REC(exp)/OK REC(theory)]. (1)
vous years I and only very recently these experiments At 82 MeV/u this yields a number NKv between 0.5 and

na~e been extended to include relativistic energies 2  1.5 depending on the target material. Though the aver- k "
,.

At low impact energies (16 MeV. u) typical molecu- age charge state of Xe ions at 18.3 MeV/u moving
lar effects govern the mechanisms of inner shell vacan- through solid matter is about 48 there is still a small

cy formation, whereas at relativistic projectile energies number of K shell vacancies available ( ')while the
atomic models of inner shell ionization and excitation ion is still inside the target and experiences a high col-

aipply Thus, at energies above 10 tleV u a transition lision frequency with target atoms.
from the molecular to the one center atomic model is First results for projectile K cross sections are

expected to take place. shown in Fig, 2. in comparison with results from previ-

For three different projectile species and energies ous experiments

3 6 Kr(19.1 MeV/u), 54 Xe(11 and 18.3 MeV'u),and E -, .

9 2 L(17.2 MeViu) - target and projectile x-ray cross .. 0_ Xe - )  
.. .

sections and radiative electron capture (REC) cross Z
sections were measured at the GSI-UILAC. Solid tar- _ 10-20-

gets with atomic numbers Z ranging from 6Z!-92 were LIJ
used. Si(Li) and Geti) detector systems were applied to o -0

analyze the characteristic target and projectile x rays. M

The REC x-rays were analyzed by a Geli) detector - C i1%e....
p:stioned at 901' with respect to the beam direction. U 0 35 MeV/u

The angular distribution of the REC photons in the lab-
orator frame is known to be proportional to sin:C exen 10 100

at ,e!ati stic elocties of the projectile 3
. Some results Zt

of REC cross sections at IF 3 %IeV u are shown in Fig,. g .2 Projectile K cross sections at 3.5. 18.3 and 197
3

2 together with data taken at 82 \le' u. %1eV u for Xe ions incident on solid targets.
REC Cross Section

The Iow energy data once more emphasize the impor-5Xe ->Z- /'
5,Xe Z tance of molecular effects, as can be seen from the

enhanced cross section for symmetric collisions. The
5103 influence of these effects decreases with increasing

U-J 0 0 82 MeV/u impact energy. and and they are already negligible in

* 00 8 MV' the energy range of 20 MeV'u. P. oe rnu
1: 0, 0- O R. Anholt. H.H. Behncke, S. Hagmann, P. Armbrus--"

-- -"te r , F . Fo lkm a n n . an d P ,H . M o k le r , Z . P h y s • "

A289( 1979)349

-10 20 -R. Anhot, Ii,.E Meverhof, Ch. Stoller, E. %lorenzoni,
S A Andriamonje, J.D. Molitoris, K.O. Baker.

Fi 2: REC cross sections for Xe at 18.3 and 82 MeV u. D.H.H. Hoffmann, H. Bowman, J.-S. Xu, Z.-Z. Xu.
The solid line the calculated REC cross section K. Frankel, D. Murphy. K. Crowe. and J.O Rasmus-
for a bare Xe nucleus at 82 eV, u. sen. Phys. Rev. A30(1984)2234

3
R. Anholt, S.A. Andriamonje, E. Morenzoni, Ch. Stol-

The REC process can be described as the time ler, J.D. Molitoris, W.E. Meyerhof, H. Bowman, J.-S.
inverse of the photo effect and is therefore proportional Xu, Z.-Z. Xu, J.O. Rasmussen, and D.HH. Hoff-

to the photon cross section. Comparing the calculated mann, Phys. Rev. Lett. 53(1984)234

cross section (solid line in fig. 2) - which is for REC

S-VP
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EIKONAL CALCULATIONS OF ELECTRON CAPTURE BY RELATIVISTIC FK&OJ.TILLS

J. Eichler" and R. Anholt.
.% .. '.

Department of Physics. Stanford University, Stanford, CA 94305

+Kolecular Physics Department, SRI International, Menlo Park, CA 94025 , . "-

Recently, experimental data
l 
on relativistic

heavy-ion-atom collisions have been analyzed
2 

to -- /-
1050 May,0 ,

extract electron capture cross sections for a variety No 08K/ _ _

of collision systems. In this work, we present a /

comparison with experiment that is based on a 0OT /
parameter-free relativistic capture theory, the eikonal -/ -

approximation, which, for Z p < ZT, treats the electron-

projectile (Zp) interaction to first order and the /_ L.'

electron-target (ZT) interaction to all orders of /
perturbation theory (albeit in an approximate /

fashion). We have calculated eikonal cross sections '
for capture from relativistic Is 1 2, 2si/2, 2p,/ 2 , and ' _

2p3 /2 target states into relativistic 1l/2 states of a /

projectile moving with a relativistic velocity.

if Zp. ZT << 137 one may derive an approximate 10 20 30 50 ioc

closed formula for the ls I/-1sI/ 2 transition. This

expression reduces to the corresponding OBK formula
3 

if Figure 1 Projectile K electron capture cross sections

(per naKed atou) for 1050-eV/amu Ne ions. The 0.K
the distorting final-state interaction characterizing results

3 
are shown by the dashed lines and the open

the eiKonal approach is switched off by setting the square, and the eikonal calculations with shielding for

appropriate parameter equal to zero, target K. L, and the sum of K and L capture are shown
by the solid lines. A second-Born approximation calcu-

A comparison with the OK approximation shows that latlon is shown by the 7 point.
4  

Data (a) from
Qrdwtord et aL.1 and Anholt,

2
"'"•"-

the relativistic eikonal cross section is significantly .rwtrdeta-
1

.ndA.:..

smaller Coy a factor 5-15) than the OK cross section
3
,

and, still much smaller than the second-Born result.
4

This is precisely what is needed to bring theory into ...gZ C No Ar
better agreement with experiment as displayed in ' 4

Figures I and 2. This agreement demonstrates the 10 -- - .-...--

importance of multiple-scattering contributions for 40

relativistic as well as for nonrelativistic electron iV0 I *0 "-

capture. ' " 
/

b 400
5
This work was supported in part by the National /l

Science Foundation grant NO PRY-83-13676. J. Eichler tO50

is on leave from the Hahn-Meitner Institute, D-1000

Berlin 39, W. Germany. 2100

1. H. J. Crawford, Ph.D. thesis, University of to 20 50 to 20 50 10 20 50 100
California, LBL report 8807 (1979) and H. J.

Crawford, L. Wilson, D. Greiner, P. J Lindstrom,

and K. Heckman, to be published. Figure 2 calculated eiKonal projectile K capture

2. K. Anholt, ms. submitted to Phys. Rev. A. cross sections compared with measureaents 12 and
3. B. L. Mloiseiwitsch and S. G. Stockman, J. Phys. second-Born calculations

4 
(7 points, always lying above -.

813, 2975 (1980). the data points a). The dasaed part of the curves show
4. W. J. Nu~phriea and B. L. Mntseiwitach, J. Phys. the region where the elkonal approximation, including .- . "

k17, 2655 (1984) and to be published, target K and L capture, may not he valid. . -"

V . . . . . .. .

Z:.:.:.:-: *.-.:.:
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-2TAL '-ROSS SECTIONIS FOR K -K SHELL ELECTRCr..
CAPTURE AT RELATIVISTIC ENERGIES

A.- umphries and B. L. Moiseivjltsch

Cepa rtilirt (,f %;t.) ied Matte -atics and Theoretic-al Irsics.
Thc Queen's University of Belfast, -

EcIfast BT7 1tF, Northern Ireland

7T-tal cross section curves for K-shel 1 to K-shell

ac'.rc :f electron, fro, tarqer hydronestc hit" by G1
6- A ico hav-no -21

1c1dEr t fyIj ly s tr ipped r_________________________21__i ,at tenercis of 14C, 253, 40C, i05C Mc5/amu have been CARBON 4
a-l~lted using relativistic forrs of the Cppenheimer- -22

n i:-an-Kramprs 0'-K) Iand second Lorr :81/ A l
joTr,,mticns togethner with evact Dirac rel~tivistic -3

ito.i -ve furncticns.B

,.e ra~ce denived appro ivate jralytical1 formulae for A
c -teritq am'ol itudes by oar~yinr1 o u t in expansion -4C

r-T. Z-n(. L., assuing that zT Z 
1

P
L:'d Zrlre the atomic numbers r4 the target and -25 +

i rsn respectively and , is the fire structtre

tIc retaining the leading terms n 
1 y. Thi s -26

c-r *apturc cross sections are liely to be/

:yl for small ..alues ol LT' -.or this-2

.f *~e not exterded our calculatir- past 
7
T -27~.

:r' F'ur Ix re c,;u arisor is made between our OBK and/ ...

roiato a, ture cross section- for incident C-2 /
r, a, c tre value;, derived by Antolt' fri the7/

e~ek~.eC--trta', data of Crawford. Ve see ttit the 82 cross -29
ction cu.rves are smaller than the corresqonding 00K

cuve O v mchasafactor of alcut . Regrettably 3
tt epc rIental, data are rather meagr-e and moreover miuch

-'n:ata relates to large values of 'Tfor which our 3
ticyis not apc;licable. Even so our E2 curves lie

c-nierably above the eperivientaI, points except for the

I w laI e of the target atomic number ./ 13 (Al) and, 3
i c-e instances, for Z. 29 'Cu).

Epcerimenta 1 da ta for qnmall valIues of Z, and ZPand -3
a elativisttc energies are needed.TRET HA E LGI

C ~rercec
* ..'iieiwitsyt and G. . Slnc~ran. j. 6h1.3l,

F I~ FCURE 1 K -K she!! electron capture cross sections
.... unphries ito C. L. Moiseiwitsch. J. Phys. 01-7, for incident C ions.

265' 1964) Curves A and data points - 140 MeV impact energy;

- .Phvs. 3,in course of publication (1985). curves B and data point . 250 MeV impact energy;

,Anto;t, private communication, curves C and data points * 400 MeV impact energy.

think lines B2K approximation;

r. 7
a~~ifornii, LBL report 8807 (1979),tiklne 02proiti.

(awford, L. Wilson. D. Greiner, P. .. Lindstrom

.inoH. eckanto be published.

..... .... ..... . .
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ANALYSIS OF CHARGE DISTRIBUTIONS OF RELATIVISTIC HEAVY IONS .' %' 't .1,
PENETRATING THROUGH SOLID TARGETS* *.. :

.E.Meyerhof,
+ 

R.Anholt, P.Thieberger,** H.E.Wegner,-

H.Gould,
+ + 

J.Alonso
+ + 

and Ch.Munger
4+  

- ...

+Department of Physics, Stanford University, Stanford, California 94305 5,

Brookhaven National Laboratory, Upton, New York 11973
++Lawrence Berkeley Laboratory, Berkeley, California 94720

Charge distributions of selected projectiles ranging 0-

16+ 45+ 61 68+(0
from 85- to 960-MeV/amu Fe , Xe , Au

6 1 + 
and U .

penetrating through solid targets such as Be, C (Mylar),

Al, Cu, Ag, Ta and Au have been determined by magnetic 0-

analysis. The experimental charge state distribu-

tions were analyzed theoretically by inserting into the

3integrated rate equations charge-changing cross-sec-

tions based on the following relatively simple concepts:

(1) All electrons are assumed to be in their ground Z

states at the instant of charge change. This assumption

is valid for heavy ions, since the lifetimes of excited w
S (bi

states typically are much shorter than the time between

exciting, ionizing or capturing collisions. (2) Elec- '5. -

tron loss cross sections for a given shell are assumed 10 S..

to be proportional to the number of electrons in the "

shel. (3) Electron attachment cross sections for a
(L

given shell are assumed to be proportional to the num- "S0 10-
her of vacancies in the shell. (4) Of the various pos-

sible multiple-charge changing cross sections, only two-

el,.ctron loss is taken into account.

Optimum ionization and capture cross sections were j03 "

found by a least-squares fitting procedure-
3
,
5 

Our over- 200 400 900- ~ ~~MeV/mui) 79+'-.-
'

all results can be summarized as follows: Most of the Figure 1. Capture cross sections for (a) Au + Au

optimum reduced chi-square values of the charge distri- and (b) Au
7 7
+ + Au is a tunction of bombarding enery, Cs-

tracted from measured charge distributions from Au
bution firs lie between 0.5 and 3. The extracted K- and projectiles impinging on Au targets of varying thickness.
I.- iniation cross sections generally lie within a fac- Dotted lines are REC, full lines are relativistic eikonal

calculations (Ref. 8) + REC, dashed lines are relativis-
tor 1.0 to 1.5 of those predicted by Anholt in a rela- tic OBK calculations (Ref. 9).

tivistic PWBA calculation. For electron capture from References
* Supported ;- part bv the National Science Foundation.." '- .

light targets, where radiative capture (REC) dominates,
under Grant No. PHY 83-13676 and by the U.S. Department .

there is general agreement with the findings obtained of Energy under Contracts No. DE-AC-03-76SFOO098 and

7 DE-AC-02-76CH00016.
from direct REC detection. For capture from heavy tar-

gets, nonradiative capture (NRC) and REC compete. Fig. 1. H.Gould etal, Phys. Rev. . -t. 52, 180 (1984) and

I shows that the NRC into the projectile K and 1. shells unpublished results.
2. H.Wegner, P.Thieberger and H.Gould, unpublished

(from target, K, L and M shells) is in very go~d agree- results.

ment with new relativistic elkonal calculations by 3. S.Datz et al, Phys. Rev. A 2, 430 (1970).
8 4. V.S.Nikolaev, Soviet Phvs. 'sp. h, 269 (1q65).

Eichler. On the other hand, the relativistic OBK cal- 5. D.V.5Marquardt, 1. Soc. Indast. App. Math. 11, 431

culations by Moiseiwitsch and Stockman9 ovsrestimate (1Q63).
6. R.Anholt, Phvs. Rev. A 19, 1004 (1979).the observed NRC. The top part of Fig. 1 shows the ex- 7. R.Anholt et al, Phys. Rev. 1b.tt. 53, 234 (1984).

tracted total capture cross section into bare Au projec- 8. .Eichler, to he published.
9. 8.l.Molseiwitseh and S.C .Stockman, J. Ph's. B 13,

tiles impinging on an Au target. The bottor of Fig. 1 2975 and 4031 (1980).

gives the extracted total capture cross section into

two-electron Au projectiles. In the other examined ....

cases, the findings are generally similar. .'

5,..............:
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CHARGE DISTRIBUTION OF 85-200 MeV/amu Xe
54 , Xe53  AND Xe52+%.

IONS PENETRATING THROUGH SOLID TARGETS,

H.Gould, J.Alonso, Ch. Munger, R.Anholt, +- +....
W.E.Meyerhof,** P.Thieberger,++ and H.E.Wegner++

+Lawrence Berkeley Laboratory, Berkeley, California 94720
"*Department of Physics, Stanford University, Stanford, Ca. 94305

++Brookhaven National Laboratory, Upton, New York 11973

Charge changing cross sections of relativistic heavy

ions can be obtained by analyzing their charge distri-

butions after penetration through solid targets of vary-

ing thicknesses. A less ambiguous method consists of

preparing the ions in a given charge state and then

letting them penetrate through targets thin enough so

that the yields of one-electron loss and one-electron

capture vary linearly with the target thickness.2  In

that case, the ionization and capture cross sections

can be obtained directly from the linear target thick-

ness dependence.
45+By stripping Xe ions accelerated in the Lawrence

Berkeley Laboratory BEVALAC by means of 2 to 10 mil

Mylar foils, beams of two-electron, one-electron and

bare Xe ions were prepared with energies between 85 and

200 MeV/Amu. These ions were passed through thin foils

of Be, Mylar, Al, Cu, Ag and Au. The yieles of the

resulting charge states were determined by magnetic

analysis.3 The most time consuming and critical part

of the experiment was the proper focusing of the charge

state beams onto the position sensitive detector of the

magnetic spectrometer, to assure a uniform detection

efficiency along the sensitive area of the detector.

Analysis of the results is presently under way.

Preliminary inspection of the data indicates that the K

ionization cross sections of Xe52+ and Xe53+ are close

to those predicted by a relativistic calculation of r
4Anholt , and that the non-radiative capture cross sec-

tions into the K shell of Xe54  differ from the relativ-

istic predictions of Moiseiwitsch and Stockman5

References

* Suppo;ted in part by the U. S. Department of Energy

under Contracts No. DE-AC-03-76SFOO098 and DE-AC-02-

76CH00016 and by the National Science Foundation under
Grant No. PHY 83-13676.
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G.R.Oeo and R.D.Rlvarola

Institute de Fisica Rosario (OONICT-LJR) Av.Pellegrini 250, 2000 Rosario, Argentina

In previous works
1
-

3 
the non-relativistic projectiles) closed analytical expressions are obtained

4
Continuum Distorted Wave (NCD) moadel has been used for T. Double scattering structures which arise in

to study K-K shell electron capture in ion-atom differential cross sections are studied using the .,.

collisions at high energies. Comnparisons were given iJFC2IY model and comparisons are given with [M2 .

with non-relativistic-Second order-Born (NRB2) calculations. Dependence of URUDW-total cross sections

calculations. Recently,relativistic-Seond Order-Born on the impact energy E is analysed when E '

(M~2) approximations have been introduced 5 '6 
in order

to correct the high energy behaviour of the NFC2 References

approximation. In the present work,we develope an 1. Belki6 Dz,Gayet R and Salin A,Phys.Rep.56,279(1979)

ultrarrelativistic-Continuum Distorted Wave (UFL-OW) 2. Rivarola R and Miraglia J,J.Phys.B,15,2221(1982)

model where ultrarrelativistic continuum states 
7 

of the 3. Rivarola R and Salin A,J.Phys.B,17,659(1984)

projectile and of the target have been considered into 4. Cheshire I,Proc.Phys.Soc.,84,89(1964)

the distorted initial and final wave functions 5. Miseiwitsch B,J.Phys.B,l5,3103(1982)

respectively. Calculations of the T-scattering amplitude 6. Humphries W and Miseiwitsch B ,J.Phys.B,17, 2655

are reduced to the evaluation of one-dimensional- (1984)

integrals. When relativistic initial and final bound 7. Berestetskii V,Lifshitz E and Pitaevskii L.

functions are approximated by Schroedinger'wave Relativistic Quantum Theory (1971)

functions (which will be valid for light targets and cOcford:Pergamn
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GALERKIN METHODS FOR SOLVING THE SCHR60INGER AND DIRAC EQUATIONS

C. Bottcher and M. R. Strayer

Oak Ridge National Laboratory,* Oak Ridge, TN 37831 USA

Over the past few years, we have attacked a wide In Eq. (4), B" is the matrix of 2nd derivatives of uj and

range of problems in atomic physics through direct solu- the raised indices refer to an inverse matrix.

tion of the Schr6dinger (or Dirac) equations in 2 and 3 The advantages of this formulation over the varia- -

dinensions by finite element techniques. These problems tional finite element method in 2 and 3 dimensions are:

incluae charge exchange in simple Systems and electron- (a) the matrices involved are more sparse, (b) easier to

impact ionization,: complex ion-atom collisions,
2 

and encode, (c) better conditioned, and (d) estimates of

pair pruduction in very heavy ion collisions.
3  

numerical error can be extracted.

We now propose to reach a new level of accuracy and At the conference, we will present results on some

effficiency by introducing Basis Spline and Col locatio, model problems to illustrate techniques, as well as some

(.alerkin) techniques.' The former are just localized studies of realistic problems, notably collisions of

piecewise differentiable polynomials in which the wave- heavy ions at relativistic velocities. This involves

function can be expanded, e.g., is one dimension solving the Dirac equation in 30 with all retardation

(summations anderstood) and magnetic effects included.

(x) u(x) . ()

At a set of collocation points 1.

a 3 = B j , B,j uj, (2) 1. C. Bottcher in "Electronic and Atomic Collisions,"
Eds. J. Eichler, I. V. Hertel, and N. Stolterfoht,we demand that the Schrodinger equation (Elsevier Science Publishers B.V., 1984), p. 187. " -5 I d 

2

L -- V(X)i (3) • . .
)t 2 dX

2  
2. C. Bottcher, to be published in Nuclear Instruments

and Methods in Physics Research, 1985.

be satisfied at each collocation point, leading to the 3 C. Bottcher and M. S. Strayer, to be published in
equations 3. C

Physical Review Letters, 1985.

i -'=K 2 B"j B
j  

% 8. (4) 4. C.A.J. Fletcher, "Computational Galerkin Methods,"

*i r. 1984).
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Ulrch eckrNorbert Grim and Werner Scheid
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In order to study the ionization of strongly - - - -- - --

bound K-shell electrons in collisions with re- , .~
lativistic heavy ions, we calculated K-shell -- -

ioiztinprobabilities and cross sections in 3.

tsemi-classical approximation (SCA). Ioniza-

tocross sections for relativistic collisi-~ns -"-'.

haeaso been obtained in the plane-wave-Born-

a: rxima ti1on (PWBA) with semi-relativistic

wv unc2tions by Anh-olt et al.' and )avido-
4 K-shell ionization cross sect ionsV 1 7 2t al.Fiq. 1:6;70 MfeV,/amu Ne Fi .2:4.88 GeV/amnu Lo-

int. , the differential ionization roba- )n :aiojs t,-rzcets. "7, - varioujs tar let .

-Ilit I -s from a illed shnell is jiven for a Fini.3 shows interestinn structures in the diffe-
:)rnjccti le with charge number ZP and velocity rent.lal ionization trobabilities to the as/

continuum ('r=-l) for .=0.99 (,=7.1) and ye-

dI 8 2 -1 sin' rious irn:act prmts.Te inaofthein-

2 ration over s i n Eq. I) __
(1. (b-,)311 (sr)Y m(F) _____

weeq- (Ef-E Av, =vc, =e
2

c

Th untities B. are the straight-line path

fcos. For the initial and final electronic'

ttswe chose hydrogenic Dirac-wave func-

tin .In the case of straight-line trajecto-

ries the differential ionization cross section-

can be easily obt..ined by integrating Eq. (1)

over the impact parameter b. 5C'011

Fiq.1 shows the K-shell ionization cross sec-

to for collisions of 670 MeV/amu Ne with va-
Ott 1 i

rostargets as a function of the target £ e

chre The experimental values of Anholt et
3 Fin. 3 K-shell ionization probaL, I Iti1-s for the

al rc, compared with our calculations (solid
transition to the pOsitiv, si -cont inuum

cuv)using experimental binding energies for 1,
for te coliinal system Z,~t at .a

Eadwith calculations of Anholt fodashedlli
(dashed("7. 1) as a f unctionn of the enercoy of the

cuv)using semi-relativisti.7 wave functions. inzdeetn

F_2shows calculations and measurements of

K-hl ionization cross sections for 4.88 ;eV Peof eren c'ts:

artn on various targets. The experimental R . An h olIt ett a I P; 1v. vA 1 4, 21013 (1976)

vausare given by Anholt et al.1. The solid 2 R. Anholt 1 hsPv.1i 10)4 (147'1

cuv represents our calculation and the dashed R. Anhol, e t al. 1 h..' 1>, 24 (1984)
2 4 4 7,7!oete calculation of Anholt . rhe differences i .. TDavidovic ~tal . '. -i.) ,84 14

be wen both calculations are explained by the P.t- Amundsen. "t '11., k~hi. 14, 4047 1981

fcthat we are using fully relativistic wave S. t. Valu:' I I L12.i 4 i
9

(1,j64i

panctons. Also we have to evaluate a multitiole

expninfor the interaction potential, con- .Supo r ted 1 RMF? an 'S Da Urostadt

vrig slowly in the ultra.,olativistic energly

rgin
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MP Ti.LI:CTPON-pOSIYRON AP~t CRLATI'ON IN RELATIVISTIC HEAVY ION COLLISIONS*

Ukic Hc-r,..rol.rt Fr 7. awl We rner Scheid

inst-itiat f r 'pocoretisohe, Phs 1- 6r Jun~ v U~esttGiessen, West-Cermarnv

considlerable increase of the direct nair- showrs sinole differential pair-creation

12:. ssst is exnecteu Irerlat-, i'a ections as a function of the enero:.. of

i: colI':sions because- t1e !.k- i2,t'd ;>ositron and integrated over all

1 ,1,cseof th :z,2 roject 1le can cootr,.- 2 -eue.The target is assumed to be

Motlt0 -oononents to th-e :,air coa- an *ran 110 nucleu:s (Z T=
92

) , and the screening

field of the tar-tot nucleus. - trt atonic electrons are neglected.

-1 s sunoorted by calculations 6 -.rease of the cross sections for small

c n:irtulal rZ-otene :(tho'd to o in enercies is due to Coalomb deflection

1 , _--ir-crea cross sccti-ns for ,- ffects of the cositron be- the tarct nucleus.

ene i- 102< it.- a7. For incroasino nr oectile eneraies the cross

tosn cra 120 ections decrease slower at high positron ener-

i: - rcss aectio-. in ndo ales because of thie increasino 'ilgon momentumn

inn. n 20 %o. a:- od 1n 0e: omnono,.nts in the electromagnetic fields of the

Ira oet i le.

it. Vi. 2 show the ttal pair-creation cross sec-
:-~o5lion for ZP+l ok-A sians as a functian of the

Ind ~Taronoct, lo ; coot-. For E 20 MeV/Iau the values 01 -A
-<ti- tor',* acree '1it> those o-f Arheolt et al1. uing the

* r:. PWBA and neqloctzn7 retardation and Coulomb de-

flection effec7ts. For P~OCoVamu our cross

section anti-es wzF.calculatiaas of Soft
1

- -(dashnd citve in 1 roach , 1'.: a factor of 1 .5. f

77

t- co r'a,1 ,rlasn-

r",c :C -r tefinal elcct r,:.........ott

r .- ued -dr c e n.c c ,ot-. t

a JOzs fr rh eIect ron. :

Phi.'r . .. . . cross sections (solid curve)

2S -ifancta n of the projectile..~' ' . . .lashed curve is obtained b%

U os i ro T. n.r :y ..

~ t
a 6 i) ' -. fXVIII Winter School, Biels-

c-t' . ~ la, P ln, ed.- A. Ealanda, Z. Stachura

2o mlt - t al.I Ph'vs. Rev. A 27, t,80 (1 98 3)

jJ ~ ~ ~ ~ ~ ~ S) - .o..-~,*N tnrted by HFT and GSI (Darmstadt)
2 S
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PRECISION X-RAY MEASUREMENTS IN ONE- AND TWO-ELECTRON ARGON RECO:L !ONS

H.F. Beyer, R.D. Deslattes*, F. Folkmann**, and R.E. LaVilla*

GSI, P.O. Box 110541, D-6100 Darmstadt, Federal Republic of Germany
*National Bureau of Standards, Washington D.C., USA

**University of Aarhus, Denmark

. Highly charged argon recoil ions were produced by x0 from Ar tp Pressure .
20

- collisions of 5.9 MeV/amu U
66  

(average charge) ions a 3p, p."

with an argon gas target and x rays of one- and * A""

two-electron states of argon were measured with a high 15 -

* precision. Those excited states play an important role *"

, in other x-ray sources including fusion plasmas .

because the corresponding transitions serve as diag-
"

nostic indicators for density and temperature. How- -0

" ever, the x-ray lines are usually accompanied by a 05 .2-

satellite structure, due to excitation of doubly

excited states, which may obscure the measurement.

Therefore, we went through a very careful analysis of 00 "
396 397 396 395 394 "'

the satellites and their influence on final wavelength wavelength (pm)

precision.
xrays from Ar low press.e. .

The transitions of interest are 
16 TP
14- b 3p, 1p, AL -

2
p, 1 1/2 - Is(Lyman a,,) in Arl and (i) 2

121
"sZp 'P 1 , 2 , P5  ls

z  
'So in Ar

l +
. (ii E .

S08

Using high-resolution crystal spectrometers and C 30:1 06 !P2

x-ray transfer standards we were able to achieve a U

calibration of the wavelength scale relative to

"" visible standards with a precision of up to 2 ppm. The

high precision is partly due to the absence of •_•_"_._-

Doppler-shift problems in the recoil light source. For 398 397 396 395 394

(i) we obtained a final precision of 5 ppm as limited wavelength (pr) Jig'

by model uncertainties arising from spectator-electron

satellites whereas for (ii) the uncertainty of 12 ppm

is dominated by the tranfer standard used. FIGURE I Argon x-ray spectra induced by impact of 5.9 -- -

MeV/amu uranium projectiles.

-* We will compare our experimental wavelengths to

- recent theoretical calculations. In case of the References

Lyman-a transitions our error bars allow a 1.5 % test I. H.F. Beyer, R.D. Deslattes, F. Folkmann, and R.E.
LaVilla, J. Phys. B18 (1985) 207 .

of the QED corrections to the ls binding energy

whereas in the two-electron case electron-electron 2. R.D. Deslattes, H.F. Beyer, and F. Folkmann, j.

correlation effects and the treatment of the two-body Phys. 817 (1984) L689

QED contributions become important. 
I -WIP .

The figure displays the x-ray region of the

- heli urn-like transitions demonstrating the strong

increase of satellites population with gas pressure

* along with the quenching of the long-lived 'P2 state.

In the high pressure spectrum the results (dashed

curve) of our a priori model calculations for the

ls2.ini n 9 9 satellites are given for comparison.

. ,.o.•. ....-
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AC(l..C OF TRANSFER CALIIIFATIONS 1IN HIGH RESOLUTION HIGH PRECISION X-RAY SPECTROSCOPY4

Mart irr P. Stdckl I. J. L. Shinpaugh, J. M. Sanders, and Patrick Richard

65-
_1limes R. Macdonald lal-c'ratory. Kansas State University, Manhattan. Kansas 66506

lvice the- last few ears several groups have of unresolved satellites. The line positions of the

b,,IIogIi , tbIin)m i 1,e a n, the locatian of highest intensitv. However, the %

I-,Ncc ci)c.rc ics ) b' r -e id.'f of such posit ion uncert aint ies remain sizeable (Table 1, Line

ric i .- cch,, irirlh,,scrisrr used BI.tr-) hecause of the strong correlation with the

rtIk with a hipgh *-fi, i-,%, e.g.,. a.-.dve crystal unrresolved additional satellites. If the line shape

t ros1 1' 1 --dith 1, ;1r51) i Is, se.ns it ive parameters are predetermined (-g. in the measurement

it >c a Op- Ircee can 1-e il ibrated to o~f the standard) they can be treated as known pars-. .-

I- po ii ,coi.. u more -c.mmon.s-ray I ice with an meters which improves the position uncertainties.*:*'..-

F o ,% whifch i s m known s-rav standard or which can he (Table 1, Line B2). If in addition the spacings among

S t -,, (-tile-Art techritlues and methods, Future uncertainty (which now refers rather to the line group - -

* ,.s-r-r i crct s tred tc, improve the accuracyv of sucth than to an itndivcidual line) Is further improved (Table

i tauofct ralibrac ions schicil could be limited by the I, Line 113) . If itr addition the intensity ratios

* lc-uc-rc cf the s-ray standards. prcssettls in the amotng the satellites are predetermined, the position

0l~--10.0 ppcs rang.. One of the limitint factors in rrnr rtainties are further improved (Table 1, Line B4)

this -,--ra is. in socme cases, the cokoown satellite and come very ciose to the statistical limits.a

* strccytore it, the vrc-initv of the yalibration line. In A more detailed study on the effects of different

-rie tiu obtain ident ical satell ite st rcct,e, the resoluiont, line shape and cutoffs is in prorgress.

* yalibcratic,n has to be done with the same excitation This work is supported by the Department of Energy,

* method which is or was used in the measurement of the Division of Chemical Scietnce.

*standard. However. in general the two spectra are not kefeences

idetiIi because of unequal resolution, backrground and 1. e.g. R. D. Deslattes. R. E. La~illa, P. L. Cowan,
and A. Henins, Phvs. Rev. A 27. 923 (1983).

tcotal intensity. The present work investigates the 2. e.g. E. G. Kessler, Jr., R. 0.Deslattes, D. Girard,

accuracy and unccertainty of such transfer calibrations W. Schwitz, L. Jacobs, and 0. Rennet. Phvs. Rev.
A 26. 2696 (1982).

b% ursing various defirred standards. 3-Me' proton 3. J. A. Bearden, Phvs. Rev. 43, 92 (1933).

indued -ra spetrawer meaure wih a pecromter 4. N. P. Stbckli. J. L. Shinpaugh, J. N. Sanders. and
indurd -ta' spctrawer meaure wit sptrmP. Richard, BAPS 30 (1985).

asdescribed above. using an Ar target (Fig. 1; total 'i. e-g. G. K. Wertheim, M. A. Butler, K. W. West and

8xo- cuts adi n age (i. : oal2xO6 0. N. E. Buchanan, Rev. Sdi. Instrum. 45, 1369
islO cccrnt) an a o trget(Fi. 2 tccal x10(1974).

o-uts. Tht-st- two typcical calibration spectra were

)rctecl with a leaslt squares fitting routine based ot, a 7heI ttsja netit fWvlnt pe

*first 1 dt TaylIt esxpansion Litne Ar Kai Ko? Mn Kol Ku2

H-istlori- all the x-rav standards refer to the Al 12 25 8 is

loc itti-c of Iiighest intetrsitv evaluated by the divisiuon A 1
3c hrs ea t B1 1.1 1.9 1 .) 9 1WI

of, .. d,. Re, entt ,v w developed amethod tdeter-

mine this location and its error with a least squares 8 . . .

*fit t ing rout itre. 4Since this locat ion is trtwell BI 0.7 0.9

defined, its error Is rather large (s-c Table 1, Line B4 0.6 0.4

All Nearby satellites cause a shift which depends on

thre reouin hi,), -ni be e~ssent (aill elimiited ho 1 r K Mn Ka
treatinrt the spacing hbetw,.et the major satellites as a A Ko.2
know, parameter. This rmproves the iln-etaitt only

sligirtic (Table 1, Line A21.0

Today i t isN mor e commonl to f it t 1-ra. I litat ion 1

lines with apprrrsimstive Veigt function, and to
0 , \ 0

in,-lirde a ratabenumber of satellite. If needed f or L) c

a reasonable chi square. These ardditional satellites,- -

Fig. 1: Wavelength Fig,2: Wavelength
wihich are Indicated in the figures, represent groups

IA2
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PROJECTILE DEPENDENCE OF L-MM AUGER ELECTRONS EJECTED FROM AR TARGET BY HEAVY-ION IMPACT

H.Shibata, T.Matsuo*, Y.Awaya, T.Kambara, M.Kase, H.Kumagai, and N.Tokoro-

The Institute of Physical and Chemical Research (RIKEN), Hirosawa, Wako-shi, Saitama 351-01, Japan
Medical Research Institute, Tokyo Medical and Dental University, Bunkyo-ku, Tokyo 113, Japan

SResearch Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Meguro-ku, Tokyo 152, Japan

We have measured the energy distributions of The ejected electron spectra obtained by He, C
2
, ,

" ejected electrons in Ar
3
'
4
++Ar collisions with a high N

2
, and Ar4

+ 
impacts are shown in Fig.1 together with a "

. energy-resolution spectrometer in order to study the 3.00 keV electron impact data for the comparison. The

' ionization mechanism in heavy-ion atom collisions and measured energy range of electrons was from 80 to 250

the energy levels of highly ionized atoms. L23-MiM i  eV. The lines above spectra in Fig.1 indicate L23 -MM

Auger electrons from highly ionized target argon atoms, Auger electron energies calculated by Larkins
3 ) 

using

such as Ar
7
+(2s

2
2p

5
3s

2
), Ar

6
+(2s22p53s23p), and the adiabatic model. The number of each line indicates

. Ar
5
t(2s

2
2p

5
3s

2
3p

2
), have been observed, which appears the number of 3p vacancies in the initial state of Auger

when 3p ionization occurs simultaneously with 2p transition. We have compared the spectra with the1)
ionization. theoretical calculations and obtained the following -

Ir. the present study, we have measured the results. In the case of He' impact, the normal Auger

projectile and charge state dependences of the L2 3-MM lines, L2 3 -M2 3 M2 3 , L23-MIM 23 , and L2 3-MM 1, appeared
Auger transitions of Ar. Though it is well-known that strongly and they are very similar to the case of

the normal L23-MM Auger lines appear strongly in the electron impact. However, as the atomic number Z of .. .

electron or proton impact (see Fig.1 ), very few the projectiles increases, the normal Auger lines

experiments have been made in the heavy-ion impact to weakened and the intensities of satellite lines

study how the degree of the ionizatioc increases as the enhanced. Namely, for Ar impact the normal Auger lines

atomic number of projectile increases. The spectra of disappeared and the intensities of the Auger lines from

the L23-MM Auger electrons ejected from Ar targets by the charge states of 7+, 6+ and 5
+ 

of Ar increased.

about 1 MeV/amu He, C, N, Ne, Al, and Ar ion bombardments Fig.2 shows an example of the charge state

have been measured at an ejected angle of 1350 with dependence of the projectiles having the same velocity. N..%

respect to the beam direction. He', C 2, N
2 
, Ne

2 +
, A drastic change is seen between 2

+ 
and N

6
' ion

Al
3
', and Ar

& + 
ions were accelerated by the linear bombardments. For N

2
' impact the normal Auger

accelerator of ICPR (RILAC) and highly charged He
2 +
, transitions were clearly observed; on the other hand,

C
5+
, N

6
', Ne

8
', Al

9
, and Ar

12+ 
ions were produced by for the case of N6' the normal transitions diminished

passing the ions through a carbon foil stripper. The and satellite lines from the highly ionized atoms-'
other experimental conditions and apparatus were enhanced. This may be attributed to the 3p electron

described elsewhere.2) transfer from target to projectile, because the on--

electron transfer cross section from the target to N'-

Fig.1 ion has about tow orders of magnitude larger than that

5 4 I 4 13 2 i- 0 L 2
0 rlA.M2  

for the case of N
2
+ ion.4)

6 2 [ 1 LM1 M2$23 Further systematic measurements and analysis are .nLs  5 14 A 1 2 N 1 0 1o f M s I -- " " " A" '

42.1 MeV Ar
4  progress.

N 6+  Fig.2 15.2 MeV.Nq*o- Ar

L-20 M,(4)

15 .2 M eV N 
2 * +4 1 ... . I 1e, N 2

-!. ?/ .1.
co 'T TV ,,o=oo.

"1,3.00 24y N2L+1 ,~ leto nr!(e)"[' '

L,,&, M1(3L 2 -N 2M(2) ~
*~~~~A .Al''0~.A 22 2

,Ll NWr L23M2M22

4.48 MeV He4

so 120 160 200 240 1

K.3.00 key e- LS~VM1 M2 3 Electron energy W)V

L2 -f MI LMO2I-i
4 1) T.Matsuo et al., tc b, publih,."

I _._. ....... r-- 2 T. M atsuoetT.Matsuo et al.,s0 120 160 200 240 3 F.P.Larkins, J.Phy. B 1 7191)

Electron energy (eV) i) V.S.Nikolaev et al. , . . ,. . ,". -

.sme-.....

. . . . . . . *.......-... .
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K FLUOR4 E SC. YIELDS, AUGR AND X-RAY DECAY RATES FOR %
MULTIPLY IONIZED ATOMO.

F. Lombet Farnoux

Laboratoire Spectroscopic Atomique et lonique - Batiment 350 -

vUniversite Paris-Sud - 91405 Orsay (France)

F luorescencu yields as well as radiative and radia- %. ° 2  -

tionIlvss transition energios and intensities of multiply ailectronic Rates(10 3/aces) Averaged- - , .
• onfigurations Total Total .° ,'] -

ionized atoms are or interest in the study of ion-atom of Silicium Auger X-Ray K _W'[

collision nhenomena as well as in connection with astro- r1 2s 2p 3s23p2 14.0395 1.027 0.06816p-hysics. B:ecause K-sheli vacancies produced in heavy-ion- 5I 2 5323p2  1.0 .3 .74,q _q-
prdcIa 2s 2p

5
3 3 11.403 0.930 0.07541

aocolsosaeusually accompanied by multiple inner ji s4 3p 2 .760831 005

shell ionization (in contrast to oroton-atom or electron- 3 p2is6.022 0.674 0.1006Satom collisions) , reliable values of the K fluorescence is 2s 2p
2
3s3p 3.661 0.511 0.12252

yieid for various defect configurations of many atoms and -l 2s 2p 3s2 2 1.872 0.322 0.14691

ions are imperatively needed. Up to now , only few appr - 2 2 2,

aches have been achieved and the published results con- s 3s23p 15.7247 0.96" 0.05778 . -
cern essentially ions of neon argon (2) and some iso- I2s 2p 3s23p 15.6284 0.9576 0.05773

electronic series
(
3
)  

is 2s 2p 3s 15.4900 0.9484 0.05773

This work presents numerical results of Auger ,X-Ray is 2s22p63s 15.4436 0.9538 0.05817 -.-.

2 6
rates and K fluorescence yields (as well as the correspon- is 2s 2p 15.0027 0.9569 0.05996 . . "

ding transition energies)for many defect configurations is 2s
2

2p5 12o4292 0.85728 0.06452

with an atomic number Z varying between 11 and 18, i.e is 2s
2
2p

4  
9.71326 0.73604 0.07043

between Al (1s2s
2
2p

6
3s

2
3p) and Ar (Is2s22p63s

2
3p) * The is 2s

2
2
3  

7.05235 0.5913 0.07736

calculations concern many ions with a configuration obtai- is 2s
2

2p
2  4.6854 0.4212 0.08248

ned, either by stripping down the outer shell, or by is 2s22p 2.8919 0.2242 0.07197

creating vacancies L-shell without changing the structure

,f ,! nubshells. The values given above for some silicium ions illus-

trate some general conclusions, although minor discrepan-
Both K Auger and X-Ray (T ) rates have been"o K Auger T A "X" cies are pointed out when we compare results obtained in

determined in the framework of non relativistic models
the different approximations mentionned above : some cases

(since dealing with relatively low atomic numbers) TX in
deserve to be treated with more sophisticated models, in-. ..

*order to alculate tefurseKhto ethe fluorescence yield K = T A troducing initial state correlations ( for instance, the

Radiative and Auger decay rates of a is vacancy in ions Is2s22p configuration should be mixed with Is2p
3

) and

whose configurations contain L-shell vacancies (for exam- intermediate coupling to describe the final state. Anyway,

pie 1s2p63s 23p
2  

o, i) have been calculated in the same among these general conclusions, we will mention:

approximations as used for the stripped configurations A) K fluorescence yields are found to increase with .,.
2 62 24 i i) h(for examples ls2s 2p 3s and Is2s24 in Si ). The the ionization degree, but stripping of outer shells has

:erman and Skiliman Hartree-Slater potential was used to a much smaller effect than creation of an empty inner

generate the wavefunctions needed for computing TA and Tx. subshell of spectator electrons.

"owever, two series of calculations have been performed: B) While multiple 2p vacancies alter W K slightly as

the first one considers that both the discrete and conti- long as two 2s electrons are present, the fluorescence

nuum wavefunctions are eigenfunctions of the potential yield may be up to 4 times greater if one or two vacancies

of the initial state, while in the second series, the are simultaneously created in the 2s subshell.

continuum wavefunction describing the ejected electron is A relativistic extension of the codes is in progress

deteroined with the potential of the ion in the final in order to treat ions with higher atomic number.

state (once more ionized) after filling the is vacancy.
In both cases, I have determined an averaged fluorescence I- C.P.Bhalla,N.O.Folland and M.A.Hein

Phys.Rev.A 8 ,649 (1973)

yield, the various multiplet yields and an effective M.H.Chen, B.Crasemann and D.L.Matthews

fluorescence yield for a given configuration n: Phys.RevLett. 2-4. 1309 (1975)

n,(n) = _ Z; (1,) WK(LS,n) where the Cn (LS) 2- C.P.Bhalla Phys.Rev.A 8 ,2877 (1973)

3- M.H.Chen, B.Crasemann,Kh.R.Karim and H.Mark
are the population probabilities of multiplet states LS Phys.Rev.A 24 , 1852 (1981)

in the configuration n. A statistical population is supposed.

. . . .... .... ... ~~ *** o**
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K - AND K - DECAY RATES IN DOUBLY IONIZED ATOMS

G.B. Baptista and E.C. Montenegro

Departamento de Fisica, PontifEcia Universidade Cat6lica
Cx.P. 38071, Z.C. 19, Rio de Janeiro, RJ, 22453, BRASIL

An alternative decaying mode for atoms bearing two WK"

internal vacancies, usually produced by heavy ion

collision, is the simultaneous jumping of two external ,o'' O..-...-.

electrons to fill the vacancies resulting in the 101 600 66. *00*'.

emission of only one photon. 'hen the decaying electrons 4 & oO - o0 0 
0

"3, P)f 
-

%

are both from the M shell or one from the L-shell and 40Oa 00000 O 0
o

0 ado 0
0
00

one from the M-shell jumping into two K-shell vacancies a 000
°  ! J. .

7 5 10 a 000 6 8

they are usually denominated K - or K, - transitions, 0 0 0 o ,. . ..

respectively. Although the evidency of this decaying 604 o'

mode can be found in recent publications (12
'
3,4)

,  wb

quantitative results are very rare and theoretical o -. .

calculations are limited to a few cases
(5 '6)

o 6 3 ,

In the present work the transition rates for this 008-

two-electron one-photon decaying process for atom sgo

bearing initially two vacancies in the K-shell were z - - .

evaluated, considering that the decay process is a d los •0

result of the interaction between the atom and the 60 al- Icat,' .t r--
radiation field. Assuming that the atom can be o0

0 0 - e, r.:-ni,
approximated by a separable N-electron single particle 10

Hamiltonian. The following expression for the two 0 %

electron one-photon transition probability is obtained: "
0

12 16 20 24 28 32 36 40 - -
where ATOMIC NUMBER

W~k1, &k.,j ;k,, k;.Ow) FIGURE 1 - lK  - and WK - transition rates .. '_%

Wf -k ,li
1

A~4S I., k,, k):., 0.) FIGUR I 31a

+ F, + -r: The present approach allow an insight of the

+.. ., . , .
1 z  

secaying process and only correlation between the jumping

" F r+,--" electrons are considered. The calculation is greatly

simplified and requires only single particle wave
(2) functions. Besides that the allowed decaying electron

A detailed description of the calculational pair is chosen directly from the theory according to

procedure can be found in recent publications
(7
'
8 )
. angular momenta selection rules for each initial state.

The results shown in Figure 1 for the transition

rates WK, and WK , for Al up to Zr, were obtained using References

LSJM representation and screened hydrogenic wave I. Ch. Stoller, W. W6lfli C. Bonani, M. Stbckli, and

functions. The screening for each electron state was M. Suter. Phys. Rev. ISA, 990 (1977).
2. W.L. Luken, J.S. Greenberg and P. Vincent. Phys. Rev.

obtained decreasing two units from tabulated values of ISA 2305 (1977). "" " "

Froese Fischer 
(9)

. This procedure was followed to compen 3. A.R. Kundson, K.W. Hill, P.C. Burkhalter and D.J.
Nagel. Phys. Rev. Lett. 37, 679 (1976).

sate the absence of the K-shell electrons and was 4. J.S. Greenberg, P. Vincent and W. Lichten. Phys. Rev.

followed in previous calculation of the K - transition 5. -a. Ausia I.S. Lee and A.. Zinoviev. Phys. Let .-
rates (8) giving results in good agreement with 60A, 300 (1977). e ad..Zive.Py.Lt

available experimental data. The two values reported for 6. Hugh P. Kelly. Phys. Rev. Lett. 37, 386 (1976).
7. V.0. Kostroun and G.B. Baptista. Phys. Rev. 14A, 363 .'.'

each element were obtained considering two values for the (1976).
(9) 8. G.B. Baptista. J. Phys. B: At. Mot. Phys. 17, 2177

electron energy: tabulated values corrected for the (1984). P.

decrease of the screening due to the internal vacancies 9. C. Froese Fischer. At. Data Nucl. Data Tables 12, 8 -

and hydrogenic energies using screened Z values. (1973).

Z-_ ..7 -. o.* . °-...
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LARGE-ANGLE SCATTERING AND NUCLEAR-RESONANCE EFFECT IN ELECTRON CAPTURE IN H
+ 
+ C AND H

+ 
+ N COLLISIONS*** +, -+-.'. -

J.N. Scheurer, O.K. Baker,
+ 
D. Spooner,* and W.E. Meyerhof

+  
,.". . -*..

NATO Fellowship holder, Centre d'Etudes Nucleaires, University of Bordeaux 1 and INPNPP
+Department of Physics, Stanford University, Stanford, California 94305 USA

We are investigating the total probability P(E,G) P(50) e"-__-___-"_-_--___-..-.,
0

for electron capture at scattering angles of 30 and (a) (b)

1500 in order to study large angle scattering and pre- 4-

dicted nuclear resonance effects in charge transfer re- . - I

actions in ion-atom collisions. So far, we have in- 2

vestigated proton scattering on carbon (CH4 ) and nitro-

gen (N2 ) using a magnetic separation method for the

scattered H* and H0 particles. The data for H+ + C at 0 ... " -'-"_-."-_
000

Elab = 350-1000 keV is shown in Figure 1. At 30 , this

data is consistent in absolute magnitude with the cal- 0

culations of Amundsen and Jakubassa-Amundsen. The _ 0.2

data also agrees with previous experimental values of <

2Horsdal-Pederson et al below 600 keV. (The disagree-
z

ment between our values at Elab 1000 keV is currently "0la o 0.f O0 .

being investigated.) The data at 
9
lab = 1500 deviates

considerably from calculations as can be seen. 0

P ~00
420 460 1055 60 65

PROTON ENERGY (keV)

Figure 2 (a) Electron capture probabilities at

glab = 1500, for p + CH4 collisions in the neighborhood
I* 0- ', 30' of the 462-keV resonance. (b) Electron caDture proba-

bilities at 01 b = 1500 for p + N2 collisions in the
-neighborhood of the 1058-keV resonance. The 1500/300

counting ratios, proportional to the nuclear cross sec-
tion ratios, are shown in the bottom parts of the figure.
The solid curves are from Ref. 1. The dashed curves ..
are scaled to fit the experimental magnitudes.

* I References:
- O' - -Supported in part by NSF (Grant PHY 83-13676).

1. P.A. Amundsen and D.H. Jakubassa-Amundsen, Phys. Rev.
Lett. 53, 222 (1984) and private communications.

* 0-3 * 2. E. HorTdal-Pedersen, P. Loftager, and J.L. Rasmussen,

500 700 900 J. Phys. B. 15, 2461 and 4423 (1982).

PROTON ENERGY (keV)

Figure 1. Electron capture probabilities for p +
CH4 collisions as a function of proton energy. Experi-

mental values at 
9
1ab = 300 from Ref. 2(x), at 

0
1ab = 300

(A) and 1500 (e) from present work. Theoretical values
at e = 300( ---- ) and at 0 = 1500(- ) from Ref. 1.

Figure 2 gives P(E,150
0
) in the resonance regions

for H
+ 
+ C(Elab = 460 key) and H

+ 
+ N(Elab = 1058 keY)

as well as the nuclear cross section ratio. Within the i 4

statistical and systematic errors, the predicted modu-

lation of P(E,Q) cannot be definitely ascertained for

the H + C resonance, but for the H
+ 
+ N resonance, our

experimental results are in qualitative agreement with

the theoretical predictions.
1

,.., .. -:'.. .. _ ... ... ...-. _..-. .. .. , .. .. ,..,-. .,..
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NUCLEAR-REACTION TIME DELAY STUDIES OF U + U
DEEP INELASTIC COLLISIONS AT 7.5 MeV/a.m.u.'

J. D. Molitoris, Ch. Stoller, R. Anholt, D. W. Spooner, W. E. Meyerhof ..

Department of Physics, Stanford University, Stanford, CA 94805

R. J. McDonald, L. G. Sobotkat, G. J. Wozniak, L. G. Moretto • •• -Nuclear Science Divsion, Lawre nce Berkeley Laboratory, ::::::?.-
University of California, Berkeley, CA 94720 :"-:':"

E. Morenzoni, M. Nessi, W. W51fli ,, . .

Laboratorium fur Kernphysik, Eidg. Technische Hochschule, CH-8098 Ztirich

pSeveral years ago, Anholt' proposed that the theory of atomic X rd
inner-shell ionization could be applied to the determination of Grid ...

nuclear reaction times in suitable deep inelastic reactions. If the 2-"D PPAC

K-shell ionization probability PK is measured as a function of the /o[
total kinetic energy loss of the reaction -Q, the average nuclear bi coax

time delay associated with a certain Q value can be deduced. ANODE
BEAM %,Tonsmisslon PPAC-. "....

Recently, Ch. Stoller et a.2 inferred a nuclear delay time of 8T..4et

approximately 10-21 s at -Q = 100 MeV in the deep inelastic re- , AEI'

action U + U at a bombarding energy of 7.5 MeV/a.m.u. This ex- E planar

periment relied on the unambiguous detection of two unfissioned

U-like reaction products in coincidence. However, the detec- E IONIZATION

tion of coincidences up to apparent -Q values of - 250 MeV CHAMBER

suggested that the fission-rejection criteria may not have been

stringent enough. We therefore repeated this experiment with Fig. 1. Experimental set up.

a different detection method in order to improve fission event

rejection and to extend the measurement to larger -Q values, the rear 2 dimensional position sensitive (stop) PPAC. The rear 10'Ilk

Incorrect fission event rejection not only falsifies the -Q value, PPAC also provided a AE measurement. One can now require

but also the corresponding value of PK. The reason for this is either that one partner has fissioned and determine Pf), or that

that any fissioning U-like nucleus will do so in a time (- 10
-
21 both partners are intact and determine PK . If the nuclear time

sec) much shorter than the lifetime of a K vacancy (- 10-18 to delays associated with fission at a certain -Q are equal to those

10 - 1 s). Hence, no U-like x-ray will be emitted, and PK is ef- encountered with no fission in the exit channel, we expect to find

fectively reduced. Indeed, the entire PK dependence on -Q can P(x) 2P(/1) 
This consistency requirement provides a valuable 1 

1

be fortuitously decreasing if the fission rejection decreases as -Q check of the method. The U K x-rays were detected by an 8-mm

increases, thick intrinsic - Ge planar detector directly opposite the PPAC

Our experimental set up is shown in Fig. 1. The 7.5 MeV/a.m.u. arm of the experiment.

U-beam from the Lawrence Berkeley Laboratory SuperHILAC We will present preliminary results and compare them with

was directed on to 600 - 750 ug/Cm 2 23
sU targets. Particles the findings of Stoller et al.

2

emerging from the collision were detected by an ionization cham-

ber on one side of the beam and by two parallel plate avalanche

counters (PPACs) on the other side. The main element here is References

the LBL large-solid-angle ionization chamber
3 

which can deter-
m Supported in part by the National Science Foundation (Grant'mine AE, - AE2 - E,... , 0 (in plane) and 0 (out of plane) for

PHY-83-13676).
the detected particle. In this chamber, unfissioned U nuclei were

unambiguously selected, and from the energy and angle alone, we f Presently at Washington University, St. Louis, MO.

determine - Q, independent of the behavior of the partner prod- 1. R. Anholt, Phys. Lett. 88B, 262 (1979). .- .

uct. For the PK determination we used two large area PPAC's 2. C-t2. Ch. Stoller et al., Phys. Rev. Left. sSs3, 14 (1984).

to see if the reaction partner has fissioned or not. The front

(transmission) PPAC allowed time-of-flight measurements with 3. L. G. Sobotka, (unpublished).

. . .'-.. . . ."
..~--.. -.:. .. - - ' . - . - - - -. - " " . , . ".7.-................................................................
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INTERMOLECULAR ENERGY TRANSFER INVOLVING ELECTRONICALLY EXCITED MOLECULES: He(IS) + r2(B 1Z').

Randall M. Grimes', William A. Lester, Jr. and Michel Dupuis

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720
Also: Department of Chemistry, University of California, Berkeley, CA 94720

*Present address: IBM Research Laboratory, Kingston, NY 12401

Improvements in experimental techniques of (-1.5 eV) well centered at R - 1.5 a.u., r Z 4.0 a.u.,

preparation and detection of electronically excited e 45.
3 

This avoided crossing provides an explana-

molecules have increased interest in their collision tion of the fluorescence quenching observed in the % A.
onenomena. In an early experimental study, cross experimental study.

3 
Overall, the pes for electron-

sections for rovibrational and electronic energy ically excited He-H2 is much more complex than those

transfer were measured for HD(B 
1
E+,v=3,j=2), excited generally encountered in ground state studies.•' - -
u

by an argon lamp, in the presence of He, Ne, and As a first step in the dynamics studies,

HD(X i+) The He-HD system is small enougn to allow cross sections for rotational excitation have
9.

an accurate quantum mechanical treatment of both the been calculated in the rigid rotator model using

electronic and nuclear motion. Progress made toward the space-fixed coupled-channel formalism and

understanding the collision processes of the closely an analytical fit to the ab initio pes.

related He I H2(B 
1
T) system will be reported. Standard methods are used to solve the coupled

The potential energy surface (pes) was determined equations for c.m. energies of 0.015-0.165 eV. In

using self-consistent field plus configuration inter- this range at least three closed rotational levels

action methods. In addition to interaction energies must be included to converge total inelastic cross

calculated using this procedure, energies calculated sections to three significant figures. Partial cross

using a similar method by Romelt, et. al.
2 

and sections show a high degree of structure compared to

Nicolaides, et. al.
3 

have been used to construct the previously studied systems (see figure 2), This

pes employed in this study. The long range inter- structure appears to be mainly due to the change in

actions are described by a multipole expansion. anisotropy with R. The magnitudes of total cross - -

The pes has several noteworthy features. An sections for aj = *2 transitions are comparable to -" - -

attractive interaction, with a minimum of -0.03 eV, is those for ion-molecule systems.

found at a He to H2 center-of-mass separation of Computations of cross sections for rovibrational " " ""- '-"

-4.0 a.u., H2 bond length (r) at the equilibrium energy transfer are in progress and will be described.

separation (re) of 2.4 a.u., and angle 0 (R.r)of

90. An avoided crossing with the He + H2(' Cu)

pes causes a bump centered at R -- 4.0 a.u., 0. 105 OV
r 2.4 a.u., and e _ 0

°. 
These features combine to I\# '".'" "

make the pes highly anisotropic (see figure 1) and

tru ilstrongly affect roviorational energy 0.2-
~aX2 4 ~d an~e CI Thse fatues ombne o ~0. 045 eV

exchange. Another avoided crossing, this one with the

ground state (He H 2 (X z 9 pes, leads to a very deepbo V " "

0.0
> .- 0 20 40 60

J-Total Angulor Momenttr.

0.3 VO Figure 2: Partial r tis,
0" versus Energy for th , -jtationi, ir') -

References
"I 0.1 - T7 FInk, J. L.K in,, )-.i" 

Phys. 56, 9UU 01R12I.

i 0.0 2. J. Rmii-Tt, ). u. PeyorrTn)f , n,;

3 4 5 6 7 8 Chem. Phys. 34, 403 19gT .
3. . C. Farantos, G. Theoiori w i ,, .. .

R (0. U. Nicolaides, Chew. hy0. .tt. ' , " .

Figure 1: Legendre Coefficients for Rigid-Rotator PES

*This work was supported oy the Director, Uffice of ddSlc Energy )ciences, he7:-J ., ,: ,

the U.S. Department of Energy unler Contract No. OE-ACj3-Z6 ,
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EFFICIENCY OF (R,T) ENERGY TRANSFERS

IN He, Ar COLLISIONS WITH N, AND 0
2 2

F. A. Cianturco, A. P'alma and M1. Venanzi I? _M

Department of Chemistry, University of Rome,

Citta Universitaria, 00100 Roma, AD, Italy.r-

When only rotational energy transfers are consi-

dered the final cross sections, integral and differen- 13z. %

tial, that are obtained depend mainly on the anisotro-

pic Part of the corresponding potential energy surface
E_ • ec. -meV

(IFS) and therefore their measurements constitute a 0

primary source of information on the orientational fea- -

tures of that FF5. The recent availability of such da- A

ta has therefore spurred a renewed interest, for50

II

stm of the simpler atom-diatomic neutral cases, in es- T

tablishing a snecific link between the energy distri-40 e

40 -. '. Heoj ° ,

hution among the numerous rotational final channels and

the variors features of the interaction itself.

In the present study we have directed our attenti- 20'

n tehe case of weaklya interacting Van der Waals (VdW)

mov les, i.e. to the analysis of specific aspects of

tepotential surfaces between a Nitrogen molecule or 1L....9.......7 21

an ejen molecule and two of the rare gases, He and Ar. J~

T he primary motivation for this studs came from the ex- -

itnc, for the ahove systems, of rather accurate mul - FIGURE 1

3,4
derdpert analysis of their full interaction

Calculations were therefore carried out, both with-

17 h pproximadte coupling scheme of the Infinite Or-.

.1r idn Approximat ion (IOSA) and with a rigorous in- -

ti n that -ill the necessary open ane closed channels ..

ic pat ifs . bsp esamined range of col ision energies

went from thec reg4ion in which experiments are available V L. 211

;-rH-% c4- and Ar-N; sestems to values of Eco1'4

* TI ' 1"s approimation was still deemed :,A*

'iow) nd there r t results fur He-N and

primr s c f 1 aio while Fig. 2 indicates that

,, !; 1 r,,il iinal rainhows appear move ,

S r % i * r He-N when the Ar-N ri-eid mass I-

Cir~e.FICI'13 2
s i b leen r his is

11-%;, aon< S being mrro atniso-ropic 2. n. Faubel, .M. Kohl, IP. Toennies and F.A. iantur S

V-N Er' iiIt r ic.'s.0 ihajoirwil heco, . Cem.Phys. 78, 5629 (t983).
3. FA. Gianturco and A. Falma, in Intramolecular na

ii C.mics (Reidel, Amsterdam, 1982)
4. Rhaandori , F. irani, F. Veochiocattivi, F.A. Gian-

turco and M. Venanti, J. Chem. Phys. (in press).

i ',1 -1 1. P. loennit's, Farada.

-. otnta sife hewe, iroe oeue r "-'-'

I 9 *3 .7.2a
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THEORETICAL STUDIES OF THE BOUND STATES AND SCATTERING OF H -H AND HD-H 2 .

A GENERAL COMPARISON OF THE HD-H2 AND HD-He SCATTERIN6 SiSTEMS. -

Joachim Schaefer .

Max-Planck-lnstitut f(Ir Physik und Astrophysik, Institut ffir Astrophysik, 8046 Garching, FRG

= . -.. i'ab.

Improved interaction potentials of H2 -H2 and 1Vi'nds of cross sections obtained from the new HD-H 2

HD-H 2 (D,) have been determined based in the previously potential contribute the main part of thi paper.

tested ab initio potential of H2 -H 2 (BO). Experimental Several effective cross sections of the HD-He system

results of the second virial coefficient of H2 have will also be shown for a general comparison of the

been used for evaluating a significant correction in HD-H 2 and HD-He system.2i

the attractive potential range. As a consequence of

this, the dimer binding energies became significantly References:

larger. The relative anisotropy of the potential has

been conserved in the fit procedure for maintaining the 1) L. Monchick and J. Schaefer, J.Chem.Phys. 73, 6153

correct rotationally inelastic features previously (1980);

tested.
1)  

R.O. Watts and J. Schaefer, Mol.Phys. 47, 933 (1982);

The source of the main shortcoming of the previous U. Buck et.al., J.Chem.Phys. 78, 4439 (1983);

10-term HD-H2 interaction potential showing up in too W.E. Kdhler and J. Schaefer, J.Chem.Phys. 78, 4862,

large I transition cross sections
(2 ) 

could be 6602 (1983)

removed simply by determining all anisotropic terms of 2) U. Buck et.al. J.Chem.Phys. 74 535 (1981>; ibid, 78,

this potential involved in the dynamics in a converged 4430 (1983)

representation. Results of extensive close coupled

scattering calculations and the determination of various

MAC-

........ ........ ........ ...... .
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VIBRATIONAL-ROTATIONAL DE-EXCITATION OF SiO
IN COLLISION WITH RIGID-ROTOR H

2

Ronald J. Bieniek

Department of Physics, University of Missouri-Rolla, Rolla, Missouri 65401 USA

State-to-state cross sections for vibrational- interaction in state-to-state SiO cross sections if

rotational de-excitation of SiO through collisions the contributions from all H 2 states are summed. This

with structureless H, have been reported. These are issue is astrophysically interesting, for changes of

required to understand the mechanism of the astro- less than an order of magnitude in collisional cross . .. .

physical SiO masers that arise in the outer atmosphere sections may significantly affect our understanding
2.3

of certain late-type stars. In the calculation of of circumstellar SiO maseis.

cross sections, the SiO was treated as a vib-rotor Support for this research from the Research

within the context of the adiabatic, distorted-wave, Corporation and the University of Missouri is grate-

infinite-order sudden (ADWIOS) approximation.
4
,
5 

An fully acknowledged.

He-SiO potential was used as the electronic hyper-

surface. 
6 

This included los g-range interaction of References

the polarizability of He with the permanent dipole 1. R. J. Bieniek and S. Green, Astrophys. J. Lett.

and quadrupole moments of SiO. 265, L29 (1983); 270, L1OI (1983).

However, by treating the H2 as structureless 2. L. R. Western and W. D. Watson, Astrophys. J.

(i.e., as a "low-mass" He atom), the possible long- 275, 195 (1983).

range effects of the quadrupole moment of H2 were 3. S. H. Langer and W. D. Watson, Astrophys. J. 284,

neglected. Because of the large dipole moment of 751 (1984).A

SiO, the quadrupole-dipole interaction can dominate 4. L. Eno and G. G. Balint-Kurti, J. Chem. Phys. 71,
1447 (1979).

at long-range. The quadrupole-dipole term has now

been included in a new ADWIOS calculation of SiO + 5. R. J. Bieniek, J. Chem. Phys. 73, 851 (1980).

H, collisions in which the H2 is treated as a rigid- 6. R. J. Bieniek and S. Green, Chem. Phys. Lett. 84,

rotor. The collisional energy is that characteristic 380 (1981).

of a temperature of T - 2500 K. Although the sudden

approximation is not accurate for the investigation

of rotational excitation of H 2at this energy, it

can indicate the importance of the quadrupole-dipole

Ii -i 7 ii
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ROTATIONA1. ANr) VIBRATIONAL ENERGY TRANSFF:R IN )[-'EL(ICITY ,1.::y ;. :'I

Kazuo Takayanagi. Takashi Wada and Ataushi Ichimura

Institute of Space and Astronautical Scionce, ilumaba 4-6-I, Meguro-ku, Tkvyo ISA I apail

The dipole-dipole interaction plays a dominant role D0 and D, of the two molecules replaces D 2Ill the theor,

in the collisional rotational transitions of molecules When the ratio 7of the rotational conlstants B, an1d B,

in po~ar gases. The relevant cross sections are usuall deviates from unity considerably, the transfer _ros,

7.uch large., than the geometrical cross sections of the section becomes smaller. Fi- . als. show, results f,,r

colding molecules. I Recently, Vohralik and Miller 2 0.9 and 0.5.

hav measured the resonant rotational energy transfer Horwitz and Leone 4have measured the rate of near-

rossection for HF esonanit vibrational energy transfers such -is

35 37 35 37
HF( 1=1) + HF(,l=3) -HF(l=O) + HF(J= ), (I) H Cl (v-1I) + H Cl 1(0) .H CI (0) + H CIII). (2)

hc)inic the rotational quantum number. They obtained hefirst-order perturbation theory cives cr,,ss section

a .r ,s eO, ion of approximately 300 12at the mean much less than the experimental valu es. The short-range

anenerzy -i 0.15 eV. We have applied the Pertur- forces may be important. Ide suggest that the distortioin

bdRotational State approach to (1) in the very-low- of the molecular rotation during collision may be also

ty"LL lIlisio.S while the -lose-coupling method helpful to) increase the vihr. ina' energ% tran~fer in

o ed for somewhat higher velocities. 3For all these low-velocity encounters. We are preparing for detailed

o a~uations the straight classi,,al trajectories have calcuilationas and hope to report some results it thie confer-

benassumed, so that these methods are called IP-PRS ence.

Fn I-CC. respe~tivel'y. Outline of these approaches References -A .
hsb en given in ret. I, where rotational excitations I. T.Wada, .1. Phvs. Soc. Japan 53, 33b2 (1984) and

retferences therein.
haebeen studi-d. We assume the simple dipole-dlipol 2.P.F.Vohralik and R.E.>Iiller. Resonant rotational enerv%

itrction. Then, the energy transfer probability P transfer in HF (preprint).

Ilisn i a fn~ton o th redcedIdinenson-K.Takavanagi and T.Wada, to be published.
per ~ ~ ~ ~ ~ ~ / isjfl-i: fte eue dmnin . A.B.Horwitz and S.Rleon, .I. Chem. Phyvs. 69, 5 319

ia>t -.ra-aotor = s') 2, 3) / and the reduced 1978)- 70. 4916 (1979 .

t-cit% = Fv/ 1DB) a' where h and v are the impact__________________

prmeter and the collision velocity, and B and D are the 10

17ttonal constant and the Jipole moment of the molecule,

respt leev. Thus, oar re-s,, canl be applied not on I.

toHF, hut also to anyv other pair of identical linear '

no Ia moecul1es./

F ig. 1. tlae cancialated 2 pP as a function o

1, 'hwr ior =0. 3 (taie curve =II It is emphia-

sized that p 1corresponds to b =9. 36 A for HF.

Yn ic the reduced velocitv is higher than unity. tlie

7.am~ contribution to the cross section comes from distait PPS 1.-

1I is ions (far out side the size of molecules) so that

tn -s ,f iei straight line trajector% and the neglect/

4all the interactions 'ther than the dipole-dlipole /Pc
r,,e aie fust itied. The integrated cross sect ion is a /0.9

r a:'illv is. teasing fiuncti,,n nf :. he calculated cros-/

~ti at) at 0. 1 eV is somewlaat l arger than 400 V.Th,
_.i ri'ntal cross sect ion 2was obhtained he aetecting IIP cc 0.5 r-t

7 'ilecul es scattLered into1 a s-mallI solIid! angle in t he /,

-rward d irec tion, taking account of ambigities ie -,-

ved in the analvsis isf the experimental data, the thtoro- rdcd att )rml'-'

tilal vIle is nat inconsistent with the experimental

f inding. rg (i*.I .' c

S imilIar calc ,ulIations a re be ing made foar (colIi s ion

.f 'dissimilar molecules. The prodaa.t of diaai... momrents
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ANISOTROPIC POTENTIALS FOR NO( IT) -RARE GASES FROM PIGH-RESOLUTION TOTAL DIFFERENTIAL SCATTERING CROSS SECTIONS

L.Beneventi, P.Casavecchia, and G.G.Volpi

Dipartimento di Chimica, UnivorsitA di Peragia, 06100 Perugia, ITALY

The anisotropy of the NO(2 1T)-rare gas IR) interac- out to observe a much more sizeable portion of the rain-

tion is investigated by measuring total (elastic + ine- bow and resolve even better the diffraction pattern.

lasticl differential cross sections (DCSs) at different The two possible quantum oscillations observable in . ...-.

Doalisin energies in high-resolution scattering experi- the DCS appear considerably damped in atom-molecule sys- %-,-..".

ments. Information on the anisotropy of the potential tems when compared with those observed for the correspon- , -

energ y surfaces (PESs) is obtained from the quenching of ding isotropic rare gas-rare gas systems. The amount of

tie rainbow and diffraction oscillations in the total this damping can be evaluated accurately, knowing the

DCS. Diffraction oscillations are resolved for the first damping due to experimental averaging. It has been shown

time in an atom-molecule system not containing He or H 2  that the damping of the rainbow and diffraction oscilla-

land isotopes), tions in the total DCS is directly related to the poten-

Th.. experiments are performed on a newly-built high tial well depth and minimum position anisotropy, respec-

resolution crossed beam apparatus by crossing two well tively.
2 

In Fig. I we report also the small angle I#

zollimated supersonic beams of pure NO and rare gas and for Ne-Ar measured under the same experimental arrange-

detecting the in-plane scattering by a rotatable UHV ment as for Ne-NO. A dramatic quenching of the diffrac-

mass spctrometer. The beam velocity distributions are tion structure can be seen in the Ne-NO case. The high

measured L. a computer controlled TOF system. quality of the data for Ne-Ar (see for example Ref. 3

The most prominent features observed in the total for comparison) witnesses the high-resolution character-

DCS are a well resolved rainbow structure for NO-Ar, Kr istics of the present experiment.

and Xe and diffraction pattern oscillations for He-NO, The NO-R collision can be described in terms of

while for Ne-NO both types of oscillations are seen, elastic scattering occurring separately on each of the

In Fig. 1 we report the angular distribution 1(0) for two identical adiabatic PES correlating with the two mo-

Ne-NO obtained with both beams at room temperature. lecular states of NO, 71/2and /. Data analysis .

proceeds by using anisotropic flexible potential forms

10 5 . i I IT - I and calculating the total DCS within the infinite-order-
4

Ne-Ar -sudden (10S) approximation which is expected to work

210 \ E64.2maV well for these systems under the present experimental

.-.'.a .coditions. Alternative coupling schemes, more rigorous

If % 'than the 105 prescription, are also being considered.

10. Anisotropic PES for NO-Ar and NO-Kr derived from I
- -c Ne-NO the best-fit of total DCSs were found

I 
to be in agree-

ment with the results -f another experimental investiga-
E 74.4meV

tion with state selected NO. NO-Ar was found to exhibit

-a) [ I 1 i 2 a larger (-20% anisotropy than the related 0,-Ar and

I I N -Ar systems. The results for He-NO will be compared

0 L 5B 10 15 20 25 30
with those recently obtained for the related He-N 0.....•LBSCATTERING ANGLE, ( degrees) 622
systems. The variation of the anisotropy along the NO-R

"_" series will be examined.""
Fig• . - Total angular distribution for Ne-NO. The small si wle a d

angle 109 for Ne-Ar is also shown for compari- Relerel:ces
son. Curve (a) represents the small angle lata
for Ne-NO plotted as 1(#).sin versuso. The I. P.Casavecchia, A.LaganA, and G.G.Volpi, Chem.Phys.

solid lines connect the data point. - Lett. 11I m 445 19s4e ,9 (9

The circles are the average of four angular s-an Te i. C.T.Na.k,.Them. ands.ettABre, ]9 Ch(.9h8) ..1,;.C.Y.Ng, Y.TLee, and J.A.Ba¥ker, J.Chem. Phys. _,..- " .'

error bars, representing t I standard deviation, are I, 1 :, (1..4)
smaller than the experim-ntal points at angles <I:".4. G.A.Parker and R.T.Pack, J.Chem.Phys. 68,1585 (1978)

s r t en .H.W.Thais, J.Reuss, J.J.H. Van den Biesen, and

The hi";h-frequency oscillations superimposed or the fil- C.J.N. Van (en Meidenb rg, Chem. Phys. 52,211 (1980)

t- .Fa~lbel, K.H.Kohl, J.P.Toennies, K.T.Tang, and Y.5'.
off of the main rainbow are resolved. They can oe more Yun .Faraday K. .h.. .Ta,5"(1982-• ~~~~Yunq, Faraday Dis...Chem•Soc. 73, 2)5 (1 982); .%-"' -

clearly localized by plotting the data as I(@(0.sinG M.Fiubel, K.H.Kohl, J.P.Toennles, and F.A.Gianturco,

versus 0 (see curve (a) in Fig. 1). An experiment with ChemPhys. 78, - 629 11913)

a liquid nitrogen cooled Ne beam is now being carried

S •71
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ENERGY TRANSFER IN COLLISIONS OF NH 3 AND (NH 3 ) 2 WITH HELIUM

U. Buck, H. Meyer, R. Schinke

Max-Planck-Institut fUr Strbmungsforschung, D3400 Gdttingen, Federal Republic of Germany

In a crossed molec.ular beam experiment differen- are shown in the upper part of Fig. I by the solid

tial energy loss spectra have been measured for NH,-He line.

and (NH,),-He by time-of-flignt analysis of the scat- The time-of-flight (TOF) spec:ra for dimer scat-

tered particles. The ammonia beam is produced by ex- tering show a much larger energy transfer at a colli-

panding an R % mixture of NH, in He. By detecting NH.- sion energy of 10 meV. A most probable energy transfer

monomers and dimers at different laboratory angular of about 55-60 % of the collision energy is observed at

ranges we are able to distinguish between these two large center-of-mass scattering angles. To investigate

species by their different kinematic behaviour in the the origin of the observed energy transfer a classical

scattering process. Therefore, the measured spectra are trajectory calculation has been performed.' In this

independent from the fragmentation during the ioniza- calculation the ammonia dimer is treated as a rotat-

tion process and the cluster distribution in the beam. ing-vibrating diatom (NH, is assumed to be structure- ; ' -

Two typical spectra are shown in Fig. 1. less). To construct the (NH,),-He potential surface Air.

For the monomer scattering a most probable energy spherically averaged pair potentials are added. The

transfer of about 25 % of the collision energy is Ob- classical calculation predicts a maximum rotational-vi-

served in the backward direction. It is completely brational energy transfer of about 35 %. This calcula-

attributed to rotational excitation. From these data, a tion, shown as solid line in the lower part of Fig. 1,

complete rigid rotor potential energy surface for NH,- is not able to reproduce the measured data. The lack of

He is determined by combining large basis set SCF cal- larger energy transfer is very probably due to the

culations with damped dispersion coefficients and fit- additional excltatihn of internal degrees of freedom

ting two parameters of the damping function by compari- (torsion) of a single ammonia molecule in the dimer,

son of experimental and calculated cross sections.' The which is not included in the model calculations.

dynamical calculations are performed in the coupled

states approximation. The results of such a calculation

References

10
NH3-He ,. u. Buck, H. 'eyer, R. Schinke, and G.H.F. Diercksen,

J.Chem.Phys., to be submitted.
E E-97.7 moV 2. Z. Bacic, U. Buck, H. Meyer, and R. Schinke, Chem.

5 8 -27.5
°  

Phys.Lett., to be submitted.
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FIGURE 1 Time-of-flight spectra for the amonia monomer
and dimer scattering. The positions of elan-
tically scattered particles are indicated by
arrows. Also marked are the flighttimes cor-
responding to the maximum possible energy

transfer of each spectrum.
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RTT ?AI AL , VIBRATIONAL EXCITATI l:l PICOISIOJS OF ";aI 1S WITH 529 CO, 3:, A::: Cc 2 MOLECULES .-

3S. Kita, T. ae;7awa, A. Kohlhase, and H. Inouye

Research :nstitute for Scientific easurements, Tohoku University, Katahira-Mchome, Sendai 980, Japan ' ... .

:ilflerential scattering of Na ions in collisions molecular orentations y=53" and 130 . 
Where y, defined at

[2 J zat. - nd .C olecules was studied with a the turnin point in the collision, is the angle between ' 6i?&:

-r21s-e technique usit uersonic nolecilar beams, the molecular axis and the vector :cor the approchin .'.' ..

w:re .nerformed at labora' ory l cilision ion to the center-of-mass of tie molecule. The experi-.' '\t

.312 W and at scat r ng angles mental reak (1) is located in the vicinity of AE/E=D, but

7 ". .ner f the scattere ,-ari . was ana- th--teak location denends on the scattering angle and

...- ttchni.. -- s. I and 2 show the collision "nerrj. Classical trajectory calculations
, tr of : -1 ions 'oisins were serf rde to understand these experiments. The

w atn = 
" 

I . As seen result of the calculations is that peak (1) arises from

"eantra fs -v. a :1a
4

- . contain vibrati zeal excitation around the molecular orientation

w -. te seectrui for :a - . o ains three of y:9 °

4 4
for ::a -C(O. is also comosed of three Also in the N-a -CO2 case differential cross sections .s

a arrows 2 in the fi-mres indicate for rotational excitation were calculated. The computed

'.i~tions -.rci-neJ t t~il spectator '-e'hoaniom. The classical rainbow position was too far on the high energy

!--oo,rer.--ts of the anr-lar -nl ererg; denendences show loss side. A classical trajectory calculation has not yet.- .

t.t the neri-c losses in the srectra are _u- to rota- been performed. However, if one imagines the interaction .-.

tbonal ani vibrational excit-tion of the mol.onles. The of the Na ion with only the CO component of the molecule,

-rectronic excitation can be- n-egectei the main eaks (2) and (3) for Na-C, can be well related

un>-r toese exneri-e:tal conditions, to the peaks () and (2) for Na -CC, respectively.

:n e diatomic cases of' CC, and C th-
, 

differ-

ential cross sections for rotational excitation were JSPS fellow.

" ic-i.otod with the hard-shell model and the uniform Present address: Department of Chemistry, Bunri

senmrlassical sudden arproximation.- -The calculations University Tokushima, Yamashiro-eho, Tokushima 773

show structures similar to those found in the experi-

m-t, two peaks for :;, and D,, and three peaks for CO. References

.ne -aks at AE/E=O in the calculation are Jacobian 1. 11. J. Korsch and R. Schinke, J. Chem. Phys. 73, 1222

peaks, while- the others are rotational rainbow peaks. The (1930).

calculated rainbow positions agree well with the locations 2. H. J. Korsch and R. Schinke, J. Chem. Phys. 75, 3850

cf peak (:) for N, and 0, and of peaks (2) and (3) for (1981).

C2. Therefore one can attribute the measured peaks I)

and () to the rotational rainbow effect. The rotational " " "

rainbows are caused by rotational excitation around the

Nd--N, Na-CO Na'O 2  Nat-CO"

(2)() (2
Z (2) Elab:2000 eV2)(2(20 A l j (2 El~b:200 eV ".

9=20' - :0

'9A

I~~~~ 
II I ii I

(3"). - . - ..

4,:4 _,,, .-. .-'
01.1I I I 1 I I I I . N-o

a2 0-) 0 0.3 0.2 0.1 0 IM2 0. 0 0.2 0- t
.E/E A E/E

Fig. 1. Enerlj loss spectra for Na -N-. and Na -CO. Fig. 2. Energ loss spectra for Na-O 2 and Na
4
-C05 .
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1eV-ENERGY DIFFERENTIAL SCATTERING: CROSS SECTIONS, INTERACTION POTENTIALS AND DIFFRACTION

J. H. Newman, D. A. Schafer, K. A. Smith, and R. F. Stebbings

Space Physics and Astronomy Department, Rice University, Houston, TX 77251 USA

Interaction Potentialc

Measurement of accurate differential cross

sections (DCS's) for keV-energy atomic and molecular

collisions permits determination of the interaction 10
4

potentials between the colliding particles by direct

inversion of the DCS data using techniques described -..

by Smithl and others.
2 

Interaction potentials have - -
been computed from DCS's measured for the scattering 

r

of 0.5 to 5 keV H, He, and 0 atoms from He, H2, N 2 -

and 02 for laboratory-frame scattering angles

between 0.1* and 5'. 0,1 1.0 10

in r,.k*V dog

M&M Er A0 Fig. 2. Reduced cross sections: He + N2 .
A: E 500 eV, 0: E - 1500 eV, 0:E - 5000 eV.

Kalinin, Leonas and Rodinov
6 
observed a similar

anomalous behavior in the reduced cross sections for

Saw ET y keV-energy He collisions with N2, which they

attributed to a vibrational "rainbow" in scattering . ,

from molecules. The present observation of 7: -

structure in the DCS for atomic hydrogen scattering

r (A) by helium (Fig. 3) suggests, however, that an %

alternate explanation may be required.,-.-."
Fig. I. Interaction potentials for He-He colli- epatinm berqrd

sions. Present results are from differential cross
section measurements, others are from total cross a

section data.

Fig. I shows the interaction potential produced a * o # 1+-N '. ''
+ H +N2

by inversion of the DCS data for He - He scattering,

along with potentials derived from total cross H;H-;

section measurements. I +
Diffraction Effects - -.i.

A characteristic of small-angle differential 8'
scattering cross sections plotted in reduced coordi-

nates (T - E8, p - e sin
9 

do/dsl) is that p for one .

projectile energy agrees with that for other ener- lo':"-':':': egs"
gies where the data overlap in i. This behavior is "AL-•

consistent with classical scattering from a single

potential curve.1 Yet, in the present data, there

are distinct regions where the reduced-coordinate .- .
This work was supported by National Science" .,

cross sections for projectiles of different energies Foundation under grant ATh 8023219 and by National

do not agree with one another. This disagreement is Aeronautics and Space AdmiiLstration under grant NSG

particularly pronounced for He - N 2 DCS shown in 7386.

Fig. 2. In the region of disagreement, the struc- References
1. F. T. Smith, R. P. Marchi, and K. G. Dedrick,

ture is sharper at lower projectile energies and Phys. Rev., 150, 79 (1966).

broader at higher energies, consistent with a recent 2. See U. Buck, Rev. Mod. Phys., 46, 369 (1974).
3. .B Foema an P.K.Rol, J. Chem. Phy, 61l,

discussion of diffraction effects by Russek.
5 

There 3. .B. Foreman and K.1658 (1974). '"'

are several oscillations in the DCS data for 500 eV 4. W. .1. Savola, Jr., F. J. Ericksen, and E.

Polack, Phys. Rev. A, 7, 932 (1973).
H-atom collisions with N 2 (Fig. 3), but much of this 5. A. Russek, Phajiv-. 1, 20, 113 (1979).

structure disappears at higher energies. 6. A. P. Kalinin. V. B. Leonas, and I. D. Rodinov,
Soy. Phys. Doklady, 28, 39, 1983.

.'q *
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BREAKDOWN OF ENERGY-LOSS SCALING IN Ne + D. COLLISIONS

Ralph Snyder and Arnold Russek

D epartment of Physics, University of Connecticut,Storrs, CT 06268, USA

in many atom-molecule collisions the most proba- and near t = 11.4 keV-degrees for E 2 keV. These

be energy loss, f, is a function only of the reduced values are approximately, but of course not pre- L '6

sc~tte ing anale, t = E e, with no other dependence cisely, in agreement with those of the figure; the

on the projectile energy, E. The qualitative pre- actual adiabatic molecular-scattering energy surface *" .

diction of this scaling property was first made by remains three-body in nature, and this two-body argu-

-- Slund. and it has been verified experimentally in ment is only an instructive, zero-order approxima-

seveial collision systes i. In our earlier work
4
.4 tion. In fact, we believe that the comparison

we made quarntitative calculations of the specific between the simple, two-body kinematical result and

functional dependence of f upon t for He + D2 colli- the full atom-molecule results (theoretical and

sions, using ab initlo SCF potential surfaces and the experimental) may become a fruitful new tool for ana-

impulse approximation. in this paper we present the lyzing such collisions. The difference between them

results of more elaborate calculations of f(t) which may provide another sensitive probe of three-body

do not in'.oke the impulse approximation and which contributions to the energy surfaces, diagnostically

sho2: the mai;er in which energy-loss scaling breaks similar to the 'breakaway' region where the energy

do,:n. loss first departs significantly from pure elastic-

As described in the earlier work of Refs. 3 and ity.

4 we use classical mechanics to calculate the energy This work was supported by the National Science

loss and the scattering angle in a sampling of both Foundation.

impact positions and molecular orientation angles,

and we can assemble from those values the doubly
References

differential and the singly differential cross sec-

tions and the most-probable-f versus t curves. 1) P. Sigmund, J. Phys. B. 11, L145 (1978).

Unlike that earlier work however, we now discard the 2) N. Andersen, M. Vedder, A. Russek, and E. Pollack,

impulse approximation (which leads to scaling) and y Rev. A 21, 782 (1980).•adA.,ssk
3) J. Jakacky, E. Pollack, R. Snyder, and A. Russek,

instead numerically integrate the equations of motion Phys. Rev. A 31, to be published, (1985).

for each impact configuration at each projectile 4) R. Snyder and A. Russek, Phys.Rev A 26,1931(1982).

enerqy. E. In this paper we discuss Ne + DZ colli-- _"/

sion.s, for which a semi-empirical energy surface " /

derived from low t data was availablee. [

The figure shows our results for most-probable-f 9 " "

versus t at projectile energies of 1 and 2 key. At

low t these results match the scaled results of the

impulse calculations. The salient manifestation of ..

scalina breakdown i! that there is now a maximum ______

attainable value of t at each pro3ectile energy

(ipproxur-tely 7.0 and 12.5 keV-degrees for E = 1 and

2 17~ r- r-i-,-1v1 1)'. anr-rm'e of that rmaxier

is imp;ortant and can be qualitatively explained in

that veri large scattering angles can only occur in

collisicns in which the projectile has a close

encounter vith one of the target atoms. Such a col-

lision resembles a two-body atom-atom collision for

.,hich kinematics determines an energy- independent 2 0 '

miximum scattering angle e = sin-' 2/20. This sug- .
Most probable f vs. reduced scattering angle, t.

qests a breakdo:un of the scaling near reduced scat- Solid line, scaled results of impulse aproximation.
Dotted line, present results for E = I eV.

-ering angle t E O 5.7 keV-deqrees for t = i keV Dashed line, present results for E = 2 keV.

•. .-7..7-
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T 'A cr 2-i=r, and S. C. Hu

7-;a'n Catholic t7iversitv, CaeTaiwan ROC

at ~ 37al in~re 'ta- 'a<c'e
4
vered leading to alarger E This i

rot
37 enar ~m- 370_ tre -teant - of the sai relationship off ec 1. A

_-, _Iarsc~in- e~aioshir has been used to

- ... aCr. ~- tio docrhe on-orolecula, vibrationalo, rotational!-y

* - it-ireat~cscatter4ori the k- e.' range.'
5

%

A sho,-r- report of this work has aleady b ean

2 -bA ~ ret1. his research was sutot-ted

- hr th~e .:atcral Science cu cilo the Reulc' ~a

* - . - on:, eeences

7.rate, n. Buertolcer, Miriin Charnr and Pin7-

* . . Piso LU, J. Ployvs. Chter. 99. 2.99 (1985).

* -. 1.F. 5. udenholzer and C. C. Lee, Chtem. Phvs.

at. inha73. 323 (1982).
F.SP. th, ?. th, . Iarchi, aLnd K. 7 lrik,

4. P. Sirund, J. Ph%'s. B, 14, L_321 (19K1).

-~~~S - -. *f* A'' tris 5 .Anderson, V.. Vedder, A. Russek, and C.Poll-&,

'a- a .

_-. a-Ila' -rae7crres were ru. ox-r -'-aoa.

-tra-acc--rla were r7un at a translation enarri' ot

vibrational and rotational energies were set to zero.

............. ateers w.ere selected adc - in the

:sawar. Ifth Ca..tnr re'a77ncnsnir4 of ec I were

* ~ r-a xcte'-If et-ar rotC to b)e th ae for various

oc~ti~atc f P ad Whose rtroduct is a particulr

value of : - hswaS indeed found to b-e the case.

Thoush- at first ths resul't may. seat. screwhat LJPL

4ur -s-, nt ir tact a lovica! extesin of earlier

tertclwoo.. Sr 'h as shown that und er the

coctosconsifered here the red..oed deflection angle

* ~ ~ ~ ' .---- a fuctono te tact 7ara;ret-er h.

-- s on-c se- ofit-c aratietars cives scatterinv, atr

redcedacule ~restectva f the collision aner-,-7 E.

.tnexettat-Ci valid th-e colsion nay be

esrie r aluain " _ ue c Aeli vared to the

clecule as thie trod:,eotile n7oves alon;s a strairht lire

trinotoy. he it-at -ar.-eteo is the distance of

closest art-oach on thi's trajectory;; it is also the

norent a-L- -fhe t-ueacting on the rsoleculie. Th u s

the feormeo rotational excitation at a given value of

tand, ecuiva.lentlr, for a ciVen value Of T , Will bDe
7*It-oocrtiona- tote I~n se d elivared. For higher

* enemies (faster velocities) the i.rrulse will be smialer

and the consequent rotational enerr: transfer will also

be smaller, While at lower enerries a larger impulse
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A STUDY OF LOW keV ENiERCY Li+ + I COLLISIONS*

*2

V. Heckman, S.d. Martin, J. lakacky, Jr., and E. Pollack

Department of Physics, University of Connecticut, Storrs, CT 06268

0+

We have recently completed a study of He +02 energy loss (T) for a purely elastic collision. The

collisions at low keV energies. Emphasis was placed quantity fl1/2(4<)/T) when plotted vs E- is particular-

on the quasi-elastic channel since it yields informa- ly significant. 1,4 To date we have determined the

tion on the ground state potential energy surface. In if vs tE- behavior in Li +5, at an energy of 3.0 keV.

our current investigation we find significant differ- The results of our measurement, are shown in Fig. 2.

ences in the collisional behavior of Li++D 2when com-4
2

pared to the iso-electronic He +D0 case. -__--. -

The experimental arrangement
1 

is basically the 10- L*2 - BNR

0 
L 2BNR

same as that used in our He +D0 s tudy. The apparatus 09- 0o

was modified by replacing the glow discharge source
7+08

with a c-eucriptite Li+ ion emitter, resulting in a 08

*narrower energy spread in the beam. Energy analysis 07- *

of the scattered Li+ is made with an electrostatic

energy analyzer 2having a resolution of 0.5 eV per06

-- - - --
1000 eV. In our Li+ studies, the scattering angle is 05 ELASTIC

* computed from the measured energy loss in the elastic

channel using He target gas. 0 2 gas is then leaked 05__ 10 20 - 3 4_0

into the scattering cell and the energy loss of theE kedg

scattered Li+ is measured at the known angle.

Electronically elastic scattering is found to be V T 2 f vs E- f'or Li++:),. The solid curve rvpr~sents

the dominant direct collision process in 1.i++D in the the results for He
0
-'52 at energies of 1.0,. 1.3. Ind

2 2.0 keV.
-5 : keg'd range studied. ,Weak electronically in-

elastic channels are seen at excitation energies The solid curve represent, the results for He U., it

1-.3 eV. This behavior is in sharp contrast with the energies of 1.0. 1.5. and 2.0 k,'_ The !i -' ii-

*He%'), case where electronically inelastic processes sions are seen to hreak away From the elastic :imit it

-)m::iate the collision for 2.0 keV deg. The measured -=1,0 keV deg, in contrast to the 2 .23 c,4oo

energy loss (tE) of the scattered Li + beam is plotted for He 0+ D_ The f value., then rise slowl, t a -. ti

is a tunc:tion of F- a t 3.0 ke.' in Fig. I. The Li++D 2 at about 0.68 which lies below the corrvs-lnd'in_ vai-

*M ision at this energ%< is seen to be elastic for for He +5D,. Another findingt of particulir interest i

0 .5 keV deg-. The vibro-rotational excitation that at small angles the scattered L-i spectra :ro-

i i-. th, difference between the measured .'.E and the and the purelv elastic spectrai of 1,i H are alm-.'

identical shoving that there is little if anc i'ihr.

rotational exoitati-.. Additional results will he

Li*+ D2presented.

4 . keV R eferences-

; ~ipp'rte- t-i Ii-i oei' ,I

Pollac, I,.''2 35

0
0 2 4 6 1. ':..Andceri,-.s -

2 2 vsEe E) keV deg
4.P. Si4g'uod '' , 2 A'

* FIG I Yeasured energy loss for the quasi-elastic
c hannel.

................................................................. ... .. .. .. .. .. .
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:2:; .i'-;F-LSS SPE-C:R2222?f 7H- -Ll:o:2NS :; r(P WITH H,

-o:hish Nakamura, Sobuo Kobayashi~ and Yozaburo Kan~eko

-,.arte' Pnysics, ToAyo Metropolitan University, Setagaya-.., Tokyo 15 , Japan

Py- n nr.'s sce t.sopy , eterrined fror the peak height ratio 3f the inelastic

r!-3es or cc!:5ons peax to the primary beam above 3DeV. ~enaue rs

----- e~gy se-tions are showrn in Fig. 2. Below 253eY, however, the .

rrofie oftesatee ons was a little broader than N.

-"a.. at -a _ s' primary bear.. Therefore the cross sectionsA

s .re tnaln 'P- exw reV mst be 2onsidered as partial cross

*a~w aio : s . n .'.r .5oattering within the a.-ertanc an~gle -f

%7oeo 7*o I an *n, analyzer, and.~ they are suproseit:h fairly

ihr.A fte r :)as s n sora .. r tnan the trie valses.

;S -trtAr 'ross seotl o.. n. a-,. aooriance 1
roe-cerva' ot ang-e w4-t ieailed talanse . Th~e oross seot4 ons Of ther

n *'e SaaSOz r was trn d~s~ e~rease with th'e irnoreaze _'energy-loss.

rot.~r transtoons t was- -. J~t the crcss seotlsiJ i/ '' 2

ef. r v-o brati naI -' an 4 are alco3st independent ..

ateoe. ii. ditn _n -te _~ en~ergy anove 3DDeU, on the sontrary, tne cross

rao5 . "ne Z'rtr:t.re Seton f -*ne- transi t: ns Onorease witn 'he increase

-i, r'4na. ex- oat4 3,.s were found. Io 4n energy.

and :1 are? reresent a F4ig-..

Measured cross

7P ? sections fozr

Ar Ar exoat4.onS and
1P -1P 2eect~os

Ar
0  

....... oo 
0

000000o

...................... ..... , ..r. a, ~Vv0 6 ""--

J,~?: 1 *12,.. E a

t 2s

E,-, 100 eV- a 'v3-y~~~I vv . cblOOV-n p

r, 0P ,o

xx

-03 -2 -01 0 01 02 0 3 04 05 7 0 9
EnergyLose

* rr~5 .i~t~t5 f the rlrar jot ear I. haas andi Y. Kaneko: JPhys. Soc. Jpr

si-n, as tna*t of primary beam above 300eV. Therefore, the

oootegral cross sections for each transitions can be
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ION ENERGY-LOSS SPECTROSCOPY FOR VIBRATIINAL TANZIT

IN THE COLLISIONS WITH Ne, Ar AN:- Kr

Tomohisa Nakamura, Nobuo Kobayashi and Yozaburo Kaneko

Department of Physics, Tokyo Metropolitan University, Setagaya-k, Tokyo '58, Japan r

The vibrational excitations and de-excitations of In addition to that, the energy-loss and energy-gain

in collisions with Ar and Ne were studied by means of peaks were observed at abcot IE=+i60meV. These

S resolution ion energy-loss spectroscopy transitions were observed tore clearly in the case of" e

The N
2+ 

ions are produced by electron impact target. In this case, The energy-loss and energy-gain AIi zation of N.- gas at '5GeV. They are mass- and energy peaKs were observed at about lE=elErmeV and +32)meV.

ttn_, n nieted into the collision chamber. The These AE's suggest tnat toe peaks correspond to the

Zc*t.'rei sns are, then, energy analyzed. it takes more transitions of one and two vibrational quanta. Taylor

tan _nseo for N* ions from the ion source to the has indicated theoretically that tne energy defects of

-r: be n a~hr. The ex'ited states, Whose life time v=3-4, 4-5 and 5-6 of ' a 
") 

are 167.8, it3.3 and

is snorter -nan n sec. sho-uld almost decay to the ground 158.8meV, respectively, and those of v=!-f and -6 are

sta-e before entering toe ooillson chamber. 331.1 and 322.1meV, resnetively. Therefore tne oserve"

ypical energy-loss spectra of scattered N ions peaks were identified as

fro m Ne, Ar and Kr are shown in Fig. 1. The collision
+e Ne "•-r 2--,

energy was 2eV and 'he osservation angle was ° 2(ar;v: Xe . a;. or <- +

on, inenZi*y f the -rimary beam and the target gas v=,, - and .

1ts n2 fixed. :n the case of Ar and Kr target,

toe energy-loss and energy-gain peaks were observeJ at rs- toe results, - was l thatoeo reset

arout" o:=+2.lm ._ With the exterimental results of 2 oc neat onvoes te coo toos state coo'
be metasable w tn a i- e *Dger toan Inusec.

: s' e a2 by . g of poctofragment spectrscopy and :t sh-idI ce n ted tntthese :[iln!Jti' ''""'-eo al lati.n 1f aylr tnese transitions were

ooeoco.'ed as theuitratbona. ex tat derenden" 3r. nte tarset s-eAr ens r targe',

:-excItOtOon in the gr-uni state of -+ - - transtoons .It - ste tant w; e ee 'arrot

ony -se a w- ate ;ere Tr e re-:-n c -- -

N - X Z;v + Ar,Kr N - X ;v+! + Ar, Kr. a rear7 : -'n- n - w - e n. -

-=, and

N-" Ar

C

O OO O x - --20

-600-4,00-200 0 2'00 400 600

Energy Loss (meV)

A' """" ' " - .A• :-.'"",-.'.-,/ '-:-. --. "--,i,"-. . ." ' . . .... "'. ..... ". "" .-. ." ". ' . -- '. . . ..-...._- '', ,';:- . ',- .. _.-..-A-- A_.'-'"",' -) _",- -> ->",-
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COLLISIONAL QUENCHING AND ENERGY TRANSFER OF NS B2 ,

Jay B. Jeffries, David R. Crosley, and Gregory P. Smith

Chemical Physics Laboratory, SRI International, Menlo Park, CA 94025

Measurements have been made of rate constants for of the jQ cannot be simply explained on the basis on

collisional quenching and energy transfer in the B
2
. known perturbations in B 27, and may provide detailed " "

state of the NS radical, for a variety of collision information on the dynamics and state-mixing respon-

partners. NS was chosen for the study because it is an sible for electronic quenching.

open-shell radical species containing two heavy atoms, Fluorescence scans show that for the partners N2 , ..' -

and in the gruund state possesses a large dipole moment 02, N2 0 and SF6 , vibrational transfer (v-10)

(1.80). constitutes about 20-25% of the total v'-i decay, and • ..+.

The NS was produced in a low pressure flow system that o(v=)0=2oQ(V'-O).

at room temperature, by adding a trace of SCZ, down- This study was supported by the Basic Energy

stream from a microwave discharge of N2 in He. All Sciences Division of the Department of Energy.

quencher gases were added further downstream and the - . ,

experiments were performed at room temperature. ___U_ _ _._

Frequency-doubled, Raman-shifted radiation from a

pulsed (10 ns) tunable dye laser was used to excite the

radicals to individual J levels within v'-0-12 of the 4.5 -

B-state For these collisional studies, the fluore- "

scence was spectrally resolved with a 0.35 m spectrc-

meter and temporarily resolved with a 100 MOHz transient t 3.0 -

digitizer. Pressures of added gas were measured with a V

Baratron.

Overall decay rates have been measured by the time

dependence of the emission for several collision part-

ners (e, 2, 02, SF6 , N2 , H2 , H 3  c 4 , c', C. 0

Except for NH3, the quenching cross sections cQ are 1 2 3 4 5

small, <10,2. This is much less than those for OH NITROG[N P U {R-.-1

(which also has a large dipole moment) with many of the

same collision partners
2
,
3
. For ON, a reasonable

correlation of cQ could be obtained using a simple dre 1. a (62. decay rates im itrogem, for v1-0,
Q~I and 6.

picture involving multipole interactions between CIE and

the collision partner
3
'
4
. Such interactions should be

1. J. B. Jeffries, G. P. Smith and D. R. Crosley,
comparable for NS, but the quenching appears to proceed Bull. Amer. Phys. Soc. 28, 1320 (1983).

by a different mechanism. 2. R. A. Copeland and D. R. Crosley, Chem. Phys. Lett.
_107, 295 (1984).

The fluorescence decay rate from the B
2
, state as 3. R. A. Copeland, M. J. Dyer and D. R. Crosley,

J. Chem. Phys., in press, 1985.
a function of pressure of added nitrogen is shown in 4. P. W. Fairchild, G. P. Smith and D. R. Crosley,

Figure I for v'0O (squares). v''.i (diamonds), and v'-6 J. Chem. Phys. 79, 1795 (1983).

;triangles). The total collisional decay rate constant

Is given by the slopes of the lines. It is composed of

both quenching from 82 7 and vibrational relaxation

within t- B manifold. The intercept is the radia- "
ti.-e decay rate (1s

-
) plus a small (- 0.2 a- rim

collisl.nal loss contribution from the carrier flow

tube pressure of I torr.

The total decay rate constant kd is larger in

v'-I than in v'-) for all gases studied. However, kd

for v'-6 is smaller than that in v'-1 for N2, SF6 , N2 0

and C02. but larger for H2, 02 and He. This unusual

collision-partner-specific vibrational level dependence

1 . ......-
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)ILESCHIM O3F NH(A3 -i AT 14.30K

Nancy L. Garland, Jay B. Jeffries, Richard A, Copeland, Gregory P. Smith and David R. Crosley

Chemical Physics Laboratory, SRI International, Menlo Park, California 94025

The role of attractive forces in the collisional NH. The values themselves are also similar, and are

,uenching of electronically excited states of open- listed for comparison in the table.- .

shell radicals is a question of recent interest. For 
8  

%Recently, :~for N4H has been measured at room .--

i, experimental quenching cross sections 3 for a temperature, using the decay of emission following "
Variety of partners have been compared with theoretical pulsed uv laser photolysis of NH3 which forms the radi-

calculations involving multipole interactions, 1,2 cal directly in the A3 7i state. The results of Ref. 8

important are also included in the table. A comparison would
here. on the other hand, results for NS (having a indicate that for N H3 , :) decreases with temperature,

dipole moment similar to that of OH) do not show such a in accordance with expectations for attractive colli-
correlation.correlation.
5  

urther evidence could be found in the sions, but for CO the opposite is the case. Note how-

temperature dependence of .Q, which for attractive ever, that the room temperature values represent .

forces would be expected to decrease with increasing quenching from a very hot rotational distribution

T. This is the case for OH, but direct measurements (N'maxl8-12) formed in the photolysis. In (N, .

exist for no other open-shell diatomics. We report decreased more rapidly with increasing N' for CO than

here measurements of Q for Ni at high T, in at attempt for NH3 as a collision partner
2 .  

If this were true for

to address these questions. NH as well, it would account for at least some of the . "- .

The measurements are made using a laser pyroly- discrepancy.

sis/laser fluorescence technique. 1
6  

A slowly flowingMesrenswt fuhrcoidr aeinp-

mixture of SF6  (it absorber), CF4  (bath gas), NH3  gress, as well as measurements in a room temperature

(radical precursor) and quencher is irradiated by a discharge flow system.

pulsed CO2 laser. This rapidly heats it to selected

temperatures up to 1400K, as measured by excitation T- r w s b B E

scans furnishing rotational distributions in the NH Sciences Division of the Departnent of Energy.

ground state. A few F-atoms are formed by thermal
References

dissociation of the SF6 ; these react with the NH3 to 1. P. W. Fairchild, G. P. Smith and D, R. Crosley, J.

form NH. A pulsed (i0ns), frequency-doubled tunable Chem. Phys. 79, 1795 (1983).

dye laser excites fluorescence in the NH. Transient 2. R. A. Copeland, It. J. Dyer and D. R. Crosley, J.
Chem. Phys., in press, 1985.

digitizer measurements of the real-time decay rate as a 3. H. 4. Lin, 4. Seaver, K. Y. Tang, A.E.W. Knight and

function of added quencher gas furnish -Q, The inter- C. S. Parmenter, 3. Chem. Phys. 70, 5442 (1979).

cept yields the radiative rate, in good agreement with 4. D. L. Holtermann, E.K.C. Lee and R. Nanes, J. Chem.
flow tube laser-induced fluorescence measurements.7 Phys. 77, 5327 (1982).

5. J. B. Jeffries, D. R. Crosley and G. '. Smith, XIV

The pressure of SF6 and CF! is typically 13 torr. ICPEAC, Stanford, California, July 1985.
6. G. P. Smith, P. W. Fairchild, J. B. Jeffries and D. .. '-

We found these gases to be poor quenchers of excited R. Croslev, 3. Phys. Chem., in press, 19R5.

NH, ensuring rotational thermalization in A -i as was 7. P. W. Fairchild, . P. Smith, D. R. Croslev and I..

the case for excited CH. 6  Thus the measured zQ is that B. Jeffries, Chm. Phys. Lett. 107, 181 (1984).
8. A. Hofzumahaos and F. Stuhl, J. Chem. Phvs. in

for a rotational distribution peaking near N'-5. This press, 1965.

is important because room temperature measurements show 9. J. 8. Jeffrie, ,. P. Smith and ). R. Croslev, J.

that - depends on N' for ai,2 and there is some Chem. Ph's., ti" p'i-ishe .

evidence
8 

that this is true for NH as well. s (A
3
-i -NH --C RAt

The results for NH3 and CO quenchers at T-1.00"50K
This Work . 3' 'I .F

are given in the table. The values are large, of the Ref. 8, hitS '' 3 1 0.4 6.9

order of gas kinetic, which suggests immediately that

attractive forces are involved in the quenching of this OWA "

diatomic hydride. The ratio of the :s'S for these two Ref. 1, N'-'j 3,' 13 2 3. L..: -

gases is about 3.5, similar to the ratio for NH,' and Ref. I 1,-IC .

CO in OH, which has multipole moments like those of Ref. 9 1 4-

.- "
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COLLISIONAL QUENCHING OF A
2

f
+ 

OH BETWEEN 230 AND 310K

Richard A. Copeland and David R. Crosley

Molecular Physics Department, SRI International, Menlo Park, California 94025 ,

Measurements have been made of the temperature and then dissociates into either the ground or excited

dependence of the velocity averaged cross section state. aQ would then be composed of a cross section '.' '

for collisional quenching of the v'.0 level of the A
2
-+ for complex formation (which can be calculated from .. '.

electronically excited state of the OH radical. For known multipole moments of OH and the collision ... e- -

all quenchers examined (CO 2, H2 , N 2  and 2), we partner) and a probability for -7 state mixing during ,....

observed that j increases as the temperature is the lifetime of the complex. Previous comparisons at
3 4decreased. This result is in accord with a picture of room temperature

3 
and 1100K of experimental and calcu-

the collisional encounter involving attractive forces, lated O3 showed reasonable correlation for many

and has implications for the use of laser-induced fluo- gases. However, quenching by N2 had a much smaller aQ

rescence as a monitor of OH in practical systems such than expected from such calculations.

as flames and the atmosphere. For the four gases studied here, o.Q is expected to

The cross sections are extracted from the collider increase -10% in going from 300 to 230 K, according to

gas concentration dependence of the time decay of the multipole model calculation. In each case, the

laser-induced fluorescence of the OH. Excitation is increase is actually larger, and particularly so in the

'ia i frequency-doubled, tunable, pulsed dye laser, case of the N2. Here, effects of the relatively poor

Tie OH is produced in a discharge flow cell in a back- Z-71 mixing may be enhanced by the increased collision

ground gas pressure of S to 10 Torr Ar; quencher gas is duration which occurs at lower temperatures. Interest-

aded in amounts up to about 200 mTorr. The fluores- ingly, N 2 also shows a larger decrease in z., compared .-.-

cence is detected with an unfiltered photomultiplier with other colliders, in going from room temperature to

and captured with a 100 MHz transient digitizer 11OK
4
.

connected to a laboratory computer. Research supported by the National Aeronautics and

The cell is cooled by packing it in dry ice sur- Space Administration.

rounded by styrofoam insulation. The rotational 1. 1. S. McDermid and J. B. Laudenslager, J. Chem.

temperature of the OH in the observation region is Phys. 76, 1824 (1982).
2. R. A. Copeland and D. R. Crosley, Chem. Phys. Lett.

measured by computer-controlled excitation scans across 107, 295 (1984).

- selected rotational lines of the (0,0) band of the 3. K. A. Copeland, M. J. Dyer and D. R. Crosley, .. '. ..-.
J. Chem. Phys., in press, 1985.

A-X transition. Temperatures as low as 230K have been 4. P. W. Fairchild, G. P. Smith and D. R. Crosley,

obtained. The translational and rotational tempera- J. Chem. Phys. 79, 1795 (1983). P

tires should be nearly equal under the cell conditions.

The background pressure of Ar is necessary to CO2  H2

thermalize the OH in the ground state, and provide T,K A2 T,K 'Q.A 2

rotational relaxation in the upper electronic state.

Previous measurements 1-3 have shown that a~ depends on 230±5 69.5-2.0 238±5 12.7±0.5

rotational quantum number in the excited state. Here, 259t8 63.7t3.7 278±7 10.9+0.4

the presence of the Ar bath ensures that we measure

quenching from a thermal distribution of rotational 278_8 6l.4+1.9 304_+ 9.20.5

levels. 2969 57.4t1.6

The results for four collider gases are shown in N 2  02

the accompanying table. Quoted error bars are at the T,K 'QA
2  

T,K 2Q,A
2  

r
2

- level. In each case 3 increases significantly as

the temperature is lowered. 232+5 7.0+0.6 266+5 20.2t0.8

A model incorporating attractive forces between 250t4 5.5-0.5 268t5 21.1+1.6

the excited OH and the collision partner exhibits a 311 ±1I0 4.0-+0.7 299+-8 18.7_±1.0 .. :[:",:,

similar qualitative temperature variation. In this ..1tl" 421

picture
3
,
4
, a collision complex is formed due to

multipole interactions (OH has a large dipole moment)

....................

* . .. :. . . . . . . . . . . . . ' . . . ' • " . . ' . . . . . . . . ". .
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QUASI-RESONANT COLL IS TONAL ELECTRON IC Ti) ROTATILONAL
ENERGY TRANSFER AT THERMAL ENERGIES

J2. Cuvellier, L. Petitjean, J... restdagh, D). Paillard
and P. de Pujo

Service de Physique des Atomes et des Surfaces, CEN/SACLAY
91191 Gif-sur-Yvette Cedex, France

We have studied the electronic energy transfer in- vided by the corresponding J-1 rotational population

duced by atomic or molecular collisions 't thermal ener- (nn(J-I)., 0.7), to the predictions of the impulse appro-

gies, for a lowly excited atomic state (Rb(ls)), sear- ximation (IA). This approach has been shown particular-

citing for the occurence of a quasi-resonant electronic Iv reliable to describe Rydberg states-molecule coili-

to rotational energy transfer. We have considered the q inons 
5

. One rall not ire that the IA gives tine gn-id enerpy

particular inelastic transfer dependence of the cross section in the energy range

Rb(7S) + X -ft RhISO) + X with X=l 2 ' 1)2' lit (I) 0.0)2-0.12 e.. For higher entergies H 2 acts like a strur-

.hich can lead, for It12' to the quasi-resonant process tore-less particle as 1) 2 and lie. This clearly supports

Rb (7s) + It12 (J-1) -IRb (SD)) It (J2-3) 6 E-21 ci- (2) our descripIt ion oif the Rh) 7S -D) ~l2 collision :this-
2 collision is dominated at lowd energy by tine quasi-reso-

Three perturbers have been studied in order to cosnt- atpoes().Itissud -s oeshef rLe
pnare situation wahere quasi-resonances can occur (Rh-li 2 perisnetntal ovi.2ernce if tine occurence of efficient

collisions) with situations whnere quasi-iesonances d,, quasi resonant energy tranisfer for low atomic state

not exist (Rb-I) 2 and Rh-lIe collisions), tihe Rh(7 - 50 whs rs et nnCm ecnvle smc s211A.

-1 

hs 
risscincntec 

ausa 

uha 
0

splitting being 608 cmn

We hnave measured tine cross sect ion nnf process (1) ... 1. RbOW-x. F ig. I - (;rnss-sec-
-is a function of thne collision energy by using a cross tions for line

heam3r experiment I. Thnis experimentr allows tine measnr'nnnnnt Rh 71.; il) col lisio-

1 nl trarinsiti .n.nn. SolI iiloif absolute cross sections and also tine determinantion lnnnes resul t frnnm

(if tihe molecular rotational distribution. Thnis work FLanndau-Zemner calcula-

c~nos titoutes tine f irs t de ta iled stnndv nof quas i resonannjt

en'e rgy t rans fer fotr irt ermed ia te exc ited slta tes , whlnen

vibrel atisoal aereore studies of elect r- L

viglarge energy defect. Measured cronss sections are ~- -

pn1e sen ted i- f ignnre I.- Tine erne rgv; nepennennc o,(f t It'. -5018 Jt N0.1 11

Cross sections is -almost identical for tie thnree p er %C i . ' o a nn

exit. 112 ~ i LiS fo r tine l ow evie rig range- <no l0 .*V I*'* 2,A)dIt2111perinn nt at I 1it inc n1ni

cn iu te di fferent beinaviour thnan tinose tepntn-n tnC f- 1n n ' n1.nnI-I.r11 tnat i l o a I -j, I n

andn Ilie. We hnave chnecked tinat tine c rn's sSectI 'n r ennnsn n.0C

nnv weakly dependent upon tine rotat ionnal tn-nioerantnno nn

inn tine considered rangeP. -

Tine cros nection for Rb(7S-5nl)-le collis inons it 01, CS.1C.s n Ser SCC--
Energy levI

,nan5 been calculated withnin tine frtame of a Larnnian-Zerne

nyproacn using potential energy curve caliculateni ho1 M Mcstagln, .1. - ie rl i.nnn A. I nnkii Cir 1). do 'inn

ncle.A fair agreement is fonund witn expet i'-ntal A.Bnnt .'ns.85 I 18)da~ta (fig. 1) . For 1) 2 we hnave recently propnosend a mnndni 2. I.V. llertni in "inVnnvics n tine l I X, toni onsntC, n itenid

nsc ribin ng tine experimental data whnere tine irntermun i ,vI.P.1abv.IIii dSols1

A . , l ascaln I 'Ph v.Plies. A 21 6,32 (1V11l )
pl n t trarns i t inrn i s dnne to Lannlan-enn-r counnInl in, crwnn

4. . nnnvn Ji ir, L.. l'etitJn'aln, J.11. Mestlacin Dn. 'an I Ila rd
linhtl Imsodif iedi 'Rhi-lie' like lnnti-ntial curves .- si nnni P. nde Innl jn (submi t tn-n tn linVvs . Rev.AI

r.-Snn t shnonw thnat 1D act like a %trnnctnnre-l'ss 1 articie . 9 e t(an .Cnnnnn in .. Fnnni- os n

lnrI ie different behnavinnr witin cnoi Iis innn en' A 10, 71 (19!4); inini 301, 736 (1984).

iy hnas bneern attributed tnn tine nnccnrecoe nnf pnrocess (2) .

W.- have compnaredl in f ignnre 2 tine expnerinmental niata, di- 0F7
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PSEUDOPOTENTIAL MOLECULAR-STRUCTURE CALCULATIONS

OF ALKALI-Il2 SYSTEMS

F. Rossi and J. Pascale .

Service de Physique des Atomes et des Surfaces -CEN/SACLAY

91191 Gif-sur-Yvette Cedex, France V

In order to obtain the ground-state and numerous ex- 4, P. Rotschwina et al., J. Chem. Phys. 7-5, 5438 (1981).

cited states of alkali-H, systems we have extended the

t -dependent pseudopotential approach previously develo-

* 2ed :or alkali-he interactions /ll. In our approach, we o " t

:ave fixed the H-H distance to 1.4 a.u. corresponding to

th. grund state of H, in its first vibrational level. Ii - -

The pseudopotential interaction for e-H 2 consists\- , - "

'fng -range and short-range terms. The long-range -.

interaction is relativel; well-known /2/ and contains - O,

.n. anisotropic ,art limited to terms in P2 (cos&), where . .

P is the angle 'etween the direction H-H and the vector 1 _2 \ 2n

position of e relative to the center of mass of H 2 . * ,

Thenthe short-range interaction is defined by generali- -16-

zing the isotropic A-dependent pseudopotential for e-He .

/I and by introducing an anisotropic part 3 - -. _

Sf~~Ri VtuP
Fic. I - Potential curves for Na-H 2 in C symmetry

- present results; X, ab initio calcula-

t .-. (RHF-SCF) U a 4t orrc-

..here { 3 denotes an anticommutator;f"2 is an operator lated assvmptoticallv to the experimental levels.

efined as gP I => (cos) i> . As in ref. Il/ Gaus-

sian-tpe forms of the potentials Ve( r) were fitted

to availoble experimental data for e--H 2 elastic scatte-

rig/31 . For lack of experimental data concerning the

anisotropic short-range part of the alkali core -H 2 in-

reraction we have determined this interaction by a sta-

onarv perturbative method; it uses a simple LCAO wave - 0

function for Hl, and pseudo-potentials for the interac-

tions between the alkali core and an electron (proton).
-04-

Three-body terms were also included in the calculations

in order to have the correct behavior of the alkali-H 2

- interaction at large distances. - "-28\" 2; a
The electronic energies were determined by standard 2a,

variational calculations using a large basis set of 2 2P--------- "--ip

Slater-type o:bitals centered on the alkali core. The .87

00v Ind Cv symnetries were considered, but the same

method can be used for the C sy.''etrv.-S--

Our calculations agree well with recent "ab initio" -.- . t r # -

data as illustrated in Figs. 1-2 for Na-H2/
4
/. RlI.ul

References

I. J. Pascale, Phvs. Rev. 28, 632 (1983). Fig. 2 - Potential curves for Na-H in C symmetry. As

X N. Takavanaci and S. Geltman, Phys. Rev. A 138, 1003 in Fig.l. The full circles are e best ab

(1965).'- initio calculations (PNO-CEPA) of Botschwina(9 ).et al. /4/-.-
3. F. Linder and H. Schmidt, Z. Naturforsch 

26a, 1603 e---/ /

(1971).

, .2-
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E14ERGY DEPENDENCE OF ANGLE RESOLVED UPT :A. .

W.P. Moskowitz, B. Stewart, *I.ne,* an-'.. rto.r

Dept. of Physics and Researc Lab, of Electronics, M...'Iord: A dil US3'I *Dept. of Chemistry, M.I.T., Cambridge, Ms 2'2139 U:SA

-We bnave mneasured th-e ener4,y dependence o-f a-.glo

* resolved cross sections for the vibrotatiornallv, inelas-

tic rrocess .r*

a 2 -V 7 Ar

zng cssed :ear.s and our ADD:S Do- nier technique
1 

to

tnine- the scaterirng anjle. The rotational rainbDo,

to e a:.-.lar d'-stribution, observed in previous

irtosl nelastic studies' is retained. The

:endence of its anj3ular iosition. on .ij and collisio

e-r es 1el re: re sen t ed by a siolostic classical

-ar! -ise model. Sip~ressor. of low angle scatteringj

isn-ser'ed for smail rotational inelasticaties, as

1.A Serri, K inisey and D.E. Prico..ard, I
- len. hs 75, 663 (1551)

.:.A.. Serri, I.E . Becker, M.B. -lbel, .L. Kinsex,

Ac. 4skowitz, and ::.E. Pritchnard, .. eSno. P-s.

74-16 (19E!) .

Serri.. .ilotta, and 0.1. Pritchard, I
:'nen. low.s., 77, 294;, (1932).

I *Wp.
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T.>ooas Scott, tet-r :-adi11, :Leil Smith, Briar Stewart and David Pritchard

-. f ?.x~sand ?eer : Zzcratot"., of Eleotrorics, 2..,Cambridge, ,!A :2139 USA .
?hn-str- an. LtosSarc> . azoratorv. of s..ectrcnscs, 1.I.T. , Cambridge, "A 32139US

* ,. Os tr~sn; uasorosnant.~K0 For -'v I.the cross section decreases as i/v r. -.

4%e go i.s~ inra. v.*brstzonallv- irelasti: rocess for all -

ICra-ts

-n-n 7-sr a -:onven-icn- :ue, and

-: --. zrss 3 a :t . -.rc tou

-r a a-at I- zu:t:on as "

7,xa -v., ..rcs~eiv of?- 0' '3nz anlu

U., -n-oka: ot t ~a conversior. of 9 I

~. ~r~at~na~:~rv;for t..cs reasor we

2.3.'- ~ ao. r.,o as, 7.airsnn V-R transfer. /

j=28~ d..~ct ererlence of cross sec tion vs.

:4for v,=9 4Z; -v= -1.

* As can be seen in the above fi 1 ore, the width of

the o-uasi-resonant .)eak decreases a s v , ecreases,
a. r e

this increase 10 specificity is even more r-roonounceo
3- 5..

in Li 2-X e collisions.

Classical orlcovO.o.ations pe-rformed recently in

05tst. for

4 ~ ~ a.- ovfr 1,2,ad4.' ur laborstor, h.avl_ s..ow. a strong correlation cetween
U: -~~ -2' 'or I-. e. nd 4. jand -'v, which- ir, tarn gives rise to b-ehavior like -~--

thnat seen; in our 2x:.erilnts.
r cnstant data include:

0 -:.-2 - - r an "e -e sosii, of the
1. Saenqger, .nSmth, 5.L. Dex;cer, Ene--

is iLentia wait-in a, D.-. Prjtcn.ara, 7 . eo... 79, 4:79(-3.

4 r . T. Scott, - ' 5, . 7l'

a-rt re rsoan

oatt-na sj nat

-ctio. is

1, f- low

2$. V . : r: ;.2 sLnons in t ne
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DISSOCIATIVE ELECTRON ZAPUHRE OF H 2..

I. Alvarez, C. Cisneros, J. de Urquilo, A. Morales and H. Martfnez

Instituto de Fisica, UNAM, 04515, M6xico, D.F.

'n this paper we present angular distributions of Figure I shows the experimental results plotted

H formed by dissociative electron capture of H+ from according to (1) for Mg and Ar, respectively. In the

Mg and Ar for incident H+ energies of 1,2,3,4 and 5 keV case of Mg as a target we have observed three maxima " .'. --2 -.
and for scattering angles from -4' to 4*. Absolute corresponding to Ed values of 4.0, 7.2 and 12.1 eV,

values for the angular distributions were obtained with whereas in the case of Ar a richer structure was ob-

the apparatus previously described, served with maxima at E values of 2.8, 5.2, 7.1, 10.2

The measured distributions are discussed in terms and 12.3 eV. Previous data obtained for dissociation
of a theory for fragment angular distributions produced of D' on Z3 show a very sharp peak at E 7.2 eV,

by molecular dossociation. From very general assump- which corresponds to the same center of mass energy of ." - .'-

tions, a scaling law was derived, the sharp peak observed by Peterson and Bae
2 

in their "

energy distribution measurements of D arising from"

I do (1) DA 2C. .
(E.~ 2

1 L
The dissociation enercies of about 4 eV for Mg and

where dO__/d.L is the differential cross section for 7.2 eV for Cs, are very close to those obtained by

finding a negative ion at laboratory angle and E. is de Bruijn et al in their studies of dissociative
in -e s • -s.a.

the incident ion energy. charge exchange of H2 with the same targets. An-

Using the fact that the dissociation energies are interpretation based on transitions from different -,
small compared with the incident molecular ion beam electronic states may be very similar to that given by

velocities, the relationship between the differential de Bruijn.

solid angle in center of mass-frame and laboratory Research supported in part by GONACyT, Grant

frame is derived as: PCCBBEU 0102238.

E. E.9
2

dlcm E d. dL /(1- E )1/2 (2) References

d d
I. C. Cisneros, I. Alvarez, C.F. Barnett, J.A. Ray andA peak in the angular distributicn for a fragment A. Russek, Phys. Rev. A 14, 88 1976)

can be interpreted as due to a singularity in the 2. J.R. Peterson and Y.K. Bae, Phys. Rev. A 3", 2E0'
2 ( 1984)--.-.-,- .- %Jacobian of the transformation . Using (2) the disso- .1984)

ciation energy can be determined from the location of 3. 7•P. Bruin, J. Neuteboom, V. zidis and 0. Los,
Chem. Phys. B5, 215 (1984)

the peak

E E E2
d ip eak (3)

I I I I I"

o ev :. .i . ,
ic05 2 ,e•

10 .3 Ke.
• ~~~4 ke'w ,.-.

£ -_ . .. .. :::::.. ..
I e4 17.0 0 keit,- : ' - ' t ." , " " '

_, * A.r-•°...-.

10 -iS

............................................. ,...•.•.....................•.............

.................

0 816 24 32 40. .

Ee-- (keY- deq2)  
"""" '

"
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+ + +
NEGATIVE ION FORMATION IN POLAR DISSOCIATION OF H3 ND2  AND

4 + + 4.. %-. -'.

C. Cisneros, I. Alvarez, J. de Urquijo, H. Martfnez
+

and T.J. Morgan*

Instituto de Fisica, UNAM M~xico D.F. 04515
Wesleyan University, Middletown Ct. 06547

Most of the theoretical development and all the . ,"*.-.

experiments involving threshold phenomena have been ,% 
'

carried out for cases where the final products are two

electrons and positive ion.

A heavy-particle analog to the threshold ion- -44

ization process e-He He- - He4+2e- is the reaction
1,2 + -Al*-system, HH () - H +H +H. One problem in

studying the threshold region from reactions Fuch as

H is that the collision dynamics may restrict the NFIGURE 2
*E A

3v.,ailable H )* state and the three-body break-up of X ic5'

S:'nterest not to take olace with a sufficiently large

*:~i section s:, as to be observed. 0

An alternative method for obtaining near-threshold ED):3k ev
dy:.anlcs of massive three particle systems isto start

wit.!e th-ee particle ion H3 , HD2 or D3 in this case, . .x

ac;u 7ol'isionally excite it to levels which decay to
+ - D++ CS---•

-he ionic states H +H +H , H +D-+ , D +H +D or -

D +4-.-o respectively. _ "• 
" " °

"

we present here the first absolute measurements of 0 1 2 3 4 5 6
*- *otal and di 'erential cross -rn'ions -or polar " , e )
diisoc:ation of the triatomic ions H 3 , HO2 and D3 in Figure 7 shows absolutP differential cross

tne enera-'/ range p.33 to 1.61 keV/amu using a He sections measured for H- and D- from H a, HD2  34

target . Since electron promotion is much more likely Figure 2 shows a comparison between D- arising from D3

to occur than charge transfer at these energies, the dissociation in He and Cs. As it can be observed,•- . -

detected H- or -is interpreted to originate from there is a striking difference due most probably to

polar dissociation, the fact that in the first case most of the ions

I I I 1 formed in the collision result from the three body

A I i polar dissociation, whereas in the second case the
4

H H ions are formed mainly by electron capture

0-
16  

C: HC He Center of mass energy distributions for the

D: O D- negative ions obtained by translational spectroscopy y ..-

are also reported and show that the negative ions are

(n E*1e formed with very small center of mass energy.
E Further measurements of the center of mass

A velocity of the three particles and their angular

-e g correlations would provide a good test for the

~ 0 generalized description of the three-particle Coulomb -

b interaction. e
bC

Research partially supported by CONACy, grant

D PCCBBFU 0102238

e. m (xgj2.) M.eg n, hys Rhy. 8t. 17, 2433 (1984) ', ''''

1:10 References

I. D.L. Montgomery and D.H. Jaecks, Phys. Rev. Lett.

-201 51, 1962 (1983)
10 0 1 2 3 4 5 2. J..FegnJ Py. .17 43 194

3. 1. Alvarez, C. Cisneros, T. de Urqui)o and T.J.

ekA9 bLeg) Morgan, Phys. Rev. Loett. 53, 740 (1984)
4. C. Cisneros, I. Alvarez, C.F. Barnett, J.A. Ray and

FG::RE 1 Absolute differential cross sections A. Russek, Phys. Rev. A •1, 631 (1979)
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EXCITATION AND DISSOCIATION MECHANISMS
IN 3.22 KEV H2 + - NE COLLISIONS *

0. Yenen and D. H. Jaecks

Behlen Laboratory of Physics, The University of Nebraska,
Lincoln, NE 68588-0111 USA

The quasidiatomic generalization of off to 3sqo-, 
3
pqo-, 3pqn , and 4sqo-.i Since 3pqo-

Lichten-Barat MO correlation rules to is the only quasidiatomic orbital ending on

atom-molecule systems is further tested by the H 2 , 2scr of "12  can be very efficiently

polarization analysis of L radiation In populated and subsequently dissociate into

coincidence with H
+  

scattered to specific H(2s,2po)+H
+
. The remaining amplitude will be

laboratory angles for 3.22 keV H2 + on Ne. The promoted to 3dqm by rotational coupling and

least squares fit of the data to a general will end on either 2pa- or 2pn depending upon 14 .

dipole intensity pattern, shown in Fig.1, is H 2  orientation. O)ur Interpretation is

radically different than that obtained by consistent with the earlier measurement of the -

using a He target where the polarization 2s and 
2
p production ratio by D.H.Jaecks and

pattern was perfectly aligned in the beam E.Tynan.3

direction. For the Ne target, at E9=3.20, the

H 2 + internuclear axis is nearly perpendicular References

to the beam and the electron wavefunction has 1. D.H.Jaecks, O.Yenen, M.Natarajan, and D. "'

% the alignment of 2po. Mueller, Phys.Rev.Lett.50, 825(1983).

The ground state of H 2
+  

being nearly 2. Chiiling Wang and J.Macek, Contribution to

spherical and its excited wavefunctions atomic this conference.

in character, one can attempt to construct a 3. D.H.Jaecks and E.Tynan, in Proceedings of

quasidiatomic correlation diagram by 4th [CPEAC, p.315(1965)

conserving the number of radial nodes to

describe the approximate nodal character and * This work is supported by 'SF

behavior of the electronic wavefunction during
3d 4

the dIabatic collision (Fig.2). During the 4s

collision, due to the high asymmetry of H,-Ne q 7 3p
2po",, "-

s yst em, some amplitude from 3dqor is drained q7
3p a'3s•"-

• .- , .. . ...... .
3s

f .1 fig.- 2'.:
,z 

.

,'. ••" ;2p 2p ...- -.

2s qo ' """"2"

3.00 t9=3.2o0l UA H2-Ne Sepoation (s" . ' '-

f ig. I f ig. 2 """•



W125 575

FOWIATION OF He20 AND He 2  MOLECULES BY CHARGE EXCHANGE COLLISIONS
OF He4 IONS IN THE SUB-%IeV REGION

0. taber, I. Ben-ltzhak, I. Gertner, A. Mann and B. Rosner . .

Department of Physics, Technion, Haifa 32000, Israel

Six dissociation and two charge-exchange channels area of the detector due to the repulsive interaction . - -

populated by single collisions of He+ molecular ions have between them. To take advantage of this spatially

been studied at 00 and SOO keV. In Figure I we present

so To::::::
40-

40 -

2 so- -o-? - ''?

W 20 -2

10 , . .

0 10 20 30 40 50 0 L
GAS PRESSURE (MICRONS) 0 4 S S 12(M1C 6 20

FIGURE 1 FIGURE 2

the relative fractions of the observed dissociation different behaviour, a variable circular iris aperture

channels as functions of the Ar target gas pressure was placed in front of the detectors. The aperture

for Eiie; = 4.1 keV. At low pressures each fraction has could be varied from a maximum diameter corresponding to
a value2corresponding to the relative probability for the full size of the detector to a minimum value of 1 mm.

that channel under a single collision condition. At In Figure 2 the separation of the (He2
+
) and (2He*)

higher pressures each fraction tends to a constant value channels by the grid method as a function of the Ar gas

which depends on the loss and capture cross-sections of pressure obtained with the smallest setting of the iris

atomic helium at half the beam energy. The fraction of aperture is clearly seen.

the undissociated incoming He2 beam is also shown in the The table summarizes the experimental results.

figure. Relative fractions

The separation of the counts in the full energy peak Charge exchange R

into the (2He
O
) and (ileo) channels, as well as the channels 400 key 800 keV

separation between the .2[ie 
) 
and (He2 ) was done by the lie 0.27 t 0.005 0.010 0.002

grid method. The method is based on the different pro- 
2
. "-02 0.02 0.1

bability for the passage of a single undissociated 2 0.2.2

molecule through a grid as compared with the probability Dissociationnnels

that both fragments of a dissociated molecule will do chel 0002 + 2 H e ° C .2 1 7 t - .0 0 5 0 .0 6 8 -* 0 .0 0 9 " ' "

the same. The relative fraction of the (Heo) and (lie ) He e03 00 032 2He
° 
Hie+ 0.438 *-0.006 0.330 "-0.013-."-'-"

channels are smaller by more than an order of magnitude 2lie 0.274 0.005 0.445 - 0,010

compared with the relative fraction of the (2Heo) and te° lie 
2  

0.028 - 0.002 0,072 0.004

(21]e ) channels, However, it is possible to amplify the He
+ 

He 0.014 0.003 0.059 - 0.004

relative intensity of the generally weak molecular chan- 211e
2  

0.001 t 0.001 0.002 - 0.001

nels. This can be done because all undissociated mol-

ecules are expected to reach the center of the detector,

whereas pairs of the two-fragments channel cover a large

.................................. ".:- '.... :..... .. ..
• f. • . ', 'f "'''''. o . . ,° . . . . .. ,. , " • , . " ..
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COLLISION - INDUCED LUMINESCENCE STUDIES ON CF4 BY He, Ne AND AR IMPACT

J. Sasaki , I. Kuen and F. Howorka

Institut fUr Experimentalphysik der Universit~t Innsbruck, 6020 Innsbruck, Austria

Permanent address: Department of Electrical Engineering, Faculty of Science and ,.

Technology, Keio University, Yokohama, Japan

Excitation processes in the collisions Hal

of He, Ne
+ 
and Ar

+ 
with CF4 have been ob- He--.

served in the energy range 1 - 1800 ev la- Eb -180OV CF2ha.K
boratory frame and the wavelength region 2000 - F| '-"'''< -'

8000 A. Absolute cross sections dependent on FF SI"

energy are measured. • "

The following processes lead to the emission cI F1 cIof light: H. IF e'"
'

a) Excitation of neutral molecular fragmentsU& -

X+ CF 4  ' X + CF 2  + F 2

X + CF* + F + F 2

Emission bands of CF between 2400 and 3300 A Ne-CF4
2 Elb-10 v Nd

(the transitions levels are unknown) and CF Elab- 1800eV
0 2 2 Nlbetween 2200 and 2600 A (A * X /1,2/ are

observed. Mel

In collisions of Ar+ with CF 4 both band systems N1 6 F"

are not excited. F-" c

b) Excitation of atomic and ionic carbon and

fluorine lines OX
+ 

+ CF 4  X 
+ 

C + fragments

X + C +fragments

-X + F +fragments

c) Projectile excitation
X+ +* +CF

4 4
This process is observed for Ne

+ 
and Ar , but Ar'- CF4  2 u

not for He+. Elab -1800 ev

d) Neutralized projectile excitation c-+ * ArE ArE
X + CF 4 - X + fragments AI Ar'E

(CF4
+ 

not being a stable ion) Fl Ar-I

Fig. 1 shows spectra of He
+
, Ne

+ 
and Ar

+ 
- 7P4

at a laboratory energy of 1800 eV. Atomic and

ionic lines are superimposed on the CF2 and -

CF bands. 2000 30.
The energy dependence of the cross sections

shows a somewhat similar behavior for all Fig. 1: Spectrum of He+, Ne
+ 

and Ar - CF 4 at a

processes: a threshold near the endoergicity laboratory energy of 1800 eV

is observed, then the cross section rises to a R-'

broad peak around 800 eV.
1. Pearse R.W.B and Gaydon A.G., The Identi-

fication of molecular spectra; Third ed.,
Acknowledgements: Chapman and Hall Ltd, London (1963)
The Fonds zur Fbrderung der wissenschaftlichen 2. Huber K.P. and Herzberg G, Molecular Struc-

ture; IV Constants of Diatomic Molecules.
Forschung supported the study in the past. Van Nostrand Reinhold Co., New York (1979)

......................... ..... . -, ....- - ,. .. . ,-.......-.... .. . ,-,•-.-.
• ' % ' ' • ° " - . • " ." " " " ' i : " : " " " " '" " " : - , % .- . " * . " - " " : .• . ." " , " . . ". . . " " .-" " " " ..• " % ." ". . " ." " o0 '
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DISSOCIATIVE IONISATION OF HYDROGI BY FAST PROTONS

B G Lindsay. F R Simpson and C . Latimer

Department of Pure and Applied Physics. The Queen's University of Belfast,
Belfast, United Kingdom

"

Studies of the dissociative ionisation of hydrogen St e-rw hy .7 9-. ~~2. S Strathdee and R Browning. I Phys B 12 1789 (1979) '-. .%,-

by electrons
1  

ad photons
2 

show that, in addition to

. normal repulsive states. autoionising states can make V V Afrosiov. 6 A heiks. Yu A 2am-64 (nd 6 9Panov, Soy Phys ETP 29 648 (1969). t '-

an important contribution to the production of

energetic H* ions. However, in the case of collisions 4. R M Wood, A K Edwards and M F Stener. Phys Rev A
1433 (1977).

between H
+ 

and H2 , where dissociative ionisation can

proceed either with or without electron capture, such . . . . .

states have not been observed
3
. Energetic fragment '

protons were only found to have energies between 7 and

9 eV and were all accounted for by Frank-Condon

transitions to the two states, 
2
pou and the repulsive 

a.J _I

I'." B
+ 

+ B
+ .  """°--""
* B....-.......

We have investigated the energy distribution of " -" -l "

fragment protons produced in the dissociative si/me

ionisation of hydrogen by 2-25 keV protons. The proton

beam was crossed by a hydrogen gas jet and the

secondary ions produced at a prescribed angle were

energy analysed (using a parallel plate energy __ ._-__..,.____.___]

analyser) and mass analysed (by time of flight). Z' s 5 '5 b .' L-

The energy spectra of the B ions (figure 1)
consist of two broad composite features at around 6 and

SeV. A computer fit of the theoretical H+ energy

distributions, obtained using the reflection t000

approximation and the potential energy curves of

hydrogen
4 

shows that the observed energetic protons

must arise from at least four repulsive states. The

lower energy group consists of protons arising from" .

excitation to both the 
2
pfu and 

2
sog states of B2

+

* while the higher energy group comes from the 
2 pou and

the H
+ 

+ B
+ 

states. At 5 keV protons are produced

mainly through the 
2
pn u and 2esg states in

approximately equal amounts while at 25 keV all four -

states contribute significantly. It should be noted

that the computer fits are very poor in the region 2.5

- 5.0 eV where protons from autoionising states should '5 7i S-'

appear if produced. Thus although clear evidence for PROT t1Ew

the excitation of these states is not apparent it seems

likely that they too must also be added to the list of

s which make significant contribution to the Figure 1 Energy spectrum of protons produced at 900
in 5 keV (upper) and 25 keV (lower) V

+ 
+ 82 collisions.

dissociative ionisation process in B+ + B2 collisions. The solid curves are a theoretical fit to the data.

* References

1. A Crowe and I V McConkey. Phys Rev Lett a 192

(1w).
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ELECTRONIC EXCITATION TRANSFER, COLLISIONAL DISSOCIATION AND

PHOTODISSOCIATION IN SODIUM VAPOUR.

H. Hulsman and P. Willems+

+ Department of Physics, University of Antwerp, U.I.A.
Dienst experimentele Natuurkunde, University of Antwerp, RLCA

Electronic excitation of diatomic alkali mcucatel tures there are few collisions with enough kinetic ener-

by means of laser light may lead to atemac resonance gy to induce dissociation (20) and there are also few .s.

radiation (D,2-lines). An experiment is presented in molecules with enough vibrational energy to allow photo- -. %

which various processes, contributing to this phenome- dissociation (3). Electronic excitation transfer (1),

non are separated and studied, however, is expected to be only weakly dependent on tem-

In the present experiment Na, molecules are irra- perature.

diated by light from in Ar -laser j- 4765A , which can the processes have been studied for various alkali

excite molecules from some specific vibration-rotation systems (e.g. refs. 2.,, see ilso ret. 3 ). Photodisso-

(vJ)-levels of the ground state to the excited B- ciation is studied preferably in a molecular beam set-up. L.. .:

state The laser is single-mode and its frequency The other processes are mostly studied in a vapour cell.

is tuned to the transition from (v,J) - (0.28) in These cell measurements are handicaped by conflic-

X'Z
+ 

to (6,'7) in B' . Diatomic sodium molecules oc-
g u ting requirements: the density should be low to minimize

cur as a small fraction in sodium vapour. In the ex- radiation trapping, while it should he ! igh for the

periment the vapour is mixed with a large fraction of photodissociation to he negligible compared to the colli-

noble gas. sional processes. Further the accessible range of tempe-

Under these circumstances atomic radiation mav be ratures is limited: At a given density the vapour cannot

caused by the following processes: be cooled below its saturation temperature, while heating

I' transfer of electronic excitation. When the mole- reduces the Na, fraction. These restrictions complicate

-9
cule during its excited lifetime (' 7x10 -1 colli- the analysis and make it difficult to distinguish the

des with a Na atom, this may result in a transfer various contributions. Therefore we conducted such ex-

of electronic excitation: periments in a free jet expansion, which has the folIo-

Na (B'J7 , v',V')+Na(a3s) -Na2(X'-g, v".,J")+Na( 1p) wing advantages: . .
u 2- " 9

" o  
-

2' collisional dissociation, When the excited molecule - the very strong b, density evlution in the jet al-

collides, this may also cause dissociation: lows the observation of the transition from. a colli-

Na(B'il , v',J') + X -Na(s) + Na(ap) + X sional region (where 10 and 2' are dominant) to a free

Here the collision partner is arbitrary, but the molecular region (where only 3' occurs). During this

energy balance of the reaction is such, that a large transition the Na, fraction remains constant.

quantity of collisional energy is needed. - for each position in the exparsion the excitation me-

30 photo dissociation chanism of the %a molecules -lakes it possible to

Na, + hV- Nat3s) + Na(3p) separate the contributions of '!'+2') and 3' via their

For the given laserfrequency this is energetically different dependence on thte laser intensi...

possible for groundstate molecules in vibrational - the stronO ,: .. tenper.itur evolution in the jet and

levels with v; 17. the possibilit, t vie. t'ic ".tacnti'o"-prvssures o:
40 different types of two-photon excitation. These are the noble ga d ,': . t:e , diu- allow.. is to distin-

only important at laser intensities higher than the- gui )h the coit r i-t :,n o _'-. -

se used in our experiment. - the e:fet il,!i iti,,n trippin is 7ininized in a free

The relative importance of the processes I', 2' 't.

and 3' depends on the density and temperature of the At the c-n:ern, tl) -et:Ld will explained in more

gas: As the density is lower, the number of collisions deta i I and r'i :ih r. re:,t c wi I he shown.

is smaller and the Importance of 1' and 2' decreases. gefere.,n-

In the limit of zero pressure (or in molecular beams) ind I ."m.i I , 1.iniheT.P''s. 68(1978i 2591.
2 othe, • r i nd y. Duren, .Ihem. Ph s.72 -.

only photodissociation occurs, but at high densities (lg9!)) , ,"

the combined effect of I' and 2' is dominant. When the P. S.M. Papernov, ,.Shlvapnikov and .. Yanson, Sov.

tempeg tatu e is lowered, the contributions of 2' and fo . i Ys ans . d P . iains , he lhs letters 86,", . .. -

are expected to diminish drastically; at low tempera- (1982)453.
5. P.Wille ., H.Hulsan and .erts. (e .... h . (9 - .

..................................................................................
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TOTAL AND PARTIAL DIFFERENTIAL CROSS SECTIONS FOR THE PROCESSES:

K,Cs, 0(0) -2 K ,Cs 0 2 (v )

M.R. Spalburg, M.G.H. Vervaat, A.W. Kleyn and J. Los

FOM-Institute for Atomic and Molecular Physics, Amsterdam, The Netherlands ". .- W, ,

- p .. V...

Ion-pair forming collisions between atoms and molecules 2) The ionic vibronic state v'=4 dominates the partial,-

can give. a considerable insight into the vibronic exci- differential cross section. The higher states are, due ...

ration. We present total differential cross sections to several reasons, much less populated than the state i.

measured without any selection of the final vibrational with v'=4.

state of the molecular ion and partial differential Consequently, as there are no states significantly popu-

cross sections which show only alkali ions from colli- lated above v'=4, the partial differential cross section

sions which leave the molecular ion in a vibrational lacks interference effects related to the vibrational

state v'>3. The division between 0, (v' -r3) and motion of the molecular ion. The shift in the position

i possible because this molecular ion auto- of the ionic rainbow is due to the fact that the coulomb

ionizes rapidly after the collision for v'>3. The par- forces are switched on later in the collision for higher

tiaL differential cross sections are accumulated by vibrational states than for the lower ones.

measuring the scattered alkali ion in (delayed) coinci- - K+02 EXPERIME T Fig. I .

dence with the electrons emitted when the molecular ion 1e6 *V Total (to[) and par-

autoionizes. tial (bottom)experi-

mental differential

In figure I an example of experimental total and partial L cross sections for
differential cross sections is shown. Both cross sections ion-pair formation

feature an (ionic) rainbow around the reduced scattering " in K+O 2 collisions.
angle " 160 eV*

. 
The shoulder present on the left side The curves are scaled

of the ionic rainbow is due to the vibrational motion land shifted in verti-

of the molecular ion during the collision. It is remark- - cal direction for the

able that the shoulder is much less intense in the par- - sake of clarity.

tial differential cross section. In addition the position

of the ionic rainbow is shifted to smaller scattering 0 so 100 1O 200

angles in the partial differential cross section. T -> (eV
5

)

eT HEO0R Y Fig. 2.
In figure 2 an exomple of theoretical total and partial 1e6 *V

C Total (top) and par-
differential cross sections is shown. The cross sections D

tial (bottom) theore-
are calculated using the semi-classical Vibronic Impact

.tical differential
Parameter model /I/. The model is extended to allow to L

O cross sections for
calculate differential cross sections. The extension ision-pair formation in-

based on the evolution of the (eikonal) phases of the 1 io ormtion T n

vibronic waves '2/. Clearly this model is capable to - K +0 2 collisions. The

CD cross sections are
reproduce the vibronic effects. convoluted to remove

the rapid oscillations
The absence of the shoulder in the partial cross sections - -, due to angular scatter- . -

is attributed to the following facts: 
d to a r t

ing interference.
1) The influence of the vibrational motion of the molecu- 0 SO 160 ISO 200

lar ion on the cross section arises from interference T -> (eV)

between ionic vibronic waves. These waves are created REFERENCES

in a coherent fashion at the beginning of the colli- %%%

sion. At the end of the collision the waves mix and /1/ U.C. Klomp, M.R. Spalburg and J. Los, Chem.Phys.

interfere. The mixing prefers transitions with 83 (1984) 33.

,v'--1 /2/. /2/ M.R. Spalburg, V. Sidis and J. Los, Chem.Phys.Lett.

96 (1983) 14.
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BALR a EMISSION I COLLISIONS OF B. f, H2  AND B3' WITI N2. 02 AN 20 r"-"

F Yousif. 3 Geddes and B B Gilbody

Department of Pure and Applied Physics, The Queen's University of Belfast,
Belfast, United Kingdom

Beans of neutral isotopes of hydrogen at megawatt

power levels are being developed for supplementary xsl'O

heating of plasmas in Tokamak devices. Optical L

measurements of the Doppler shifted and unshifted Ha

radiation emitted through collisions with the -

background gas provide a means of determining the -

spacial and energy profile of the beau. Recently cross z -

sections
1 

have been measured for H. emission in F -
a U -.5

collision of hydrogen atoms and ions with B, molecules. - •O- ~5 ." "•5-'"" '"

In the present investigation we are studying B itg J - "

formation at energies within the range 3-100 keV for -

the processes F I

10 100

B or I.+ I " H(3s) + (1) ENERGY (keV)

" B(n=3) + ..... (2) Figure 1 Balmer a emission cross sections for

collisions of H(ls) with H%0. C, o(3s) reaction

H or + B,0 " H(:) or W() + H(n-3) + .... (3) (1) :, o(Ha) reaction (2) A, 0T reaction (3)

S, a(3d) + 0.12 o(3p) = a(H a ) - a(3s).

were a = 1, 2or 3, 1 
w N., o or B20 and Z represents

all bound and continuum states. -

from excited states of the target and (c) in the case

The experimental arrangement is similar to that of BHOH radiation from dissociative excitation of the

used previouslyl in our laboratory. The selected fast target. A knowledge of the target geometry, lifetimes

hydrogen ion or atom beam passes through a target gas and velocities allows the contribution of the 3s state

cell and the B radiation from different positions to be deduced. Tilt tuning of the 3 9 filter to reject

along the beam is monitored. The Ha photon detector B radiation allows assessment of contributions arising

comprises a lens, interference filter and cooled from molecular band emission. In the case of B,0 the

photomultiplier. Da emission arising from reaction (3) was studied in a -. '

separate experiment. With the detector set to view the

With the B detector viewing the beam at a target at 54.70, the Doppler shifted radiation from the

position sufficiently far downstream from the target, fast projectile was blocked and only target Ho emission

all the short lived 3p and 3d states have decayed to a recorded.

negligibly small level and the cross sections for the

formation of the long lived 3a state (reaction 1) can Cross sections for reactions (I) - (3) in H - H0

be determined. Here a 50 2 band pass filter centred at collisions are shown in figure 1.

6550 A is used.

Cross sections have been normalised to earlier

Cross sections for total B. emission (reaction 2) measurements
1 

for the H* - B5 system.
are determined using a 3 1 bandpass filter centred at . '-. -%

6564 A. When the detector is positioned at 900 with Our results for H and H
+ 

in collision with N, and ... ,..j

respect to the beam axis and views the beam within the O are compared with those reported by other workers.

target cell at a point where Ba emission from decay of 1,

the 3p and 3d states has equilibrated the recorded Reference

signal also includes a contribution from (a) decay of
t e1. Williams I D Geddes and Gilbody H H. 1982. ,t1.o.•.h. 1.7--89the long lived 3e state. (b) molecular band radiation Phys B :At Miol Phys 15, 1377-89•

..- -. ., ..
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DOUBLE ELECTRON CAPTURE IN Ar 2+ +D

S.J. Martin, V. Heckman, J. Stevens and E. Pollack

Department of Physics. University of Connecticut. Storrs, CT 06268 %

**Department of Chemistry and Physical Sciences, Quinnipiac College, Hamden, CT 06517

Our laboratory has been studying the Argon-D2  ".

collision system. To date we have reported on Ar
0 

and -.

Ar collisions with D2 We now present results on
2 2+

double electron capture in Ar +D °_" "

Time-of-flight techniques are used to study the _ _.r]

Ar
0 

resulting from the double electron capture colli- "

= 1.0 r
sions. The experimental arrangement employs a flight

path length of 64 cm. and has been previously des-

3
cribed. Since there is a change in charge state in .

2+ 0
Ar +D -Ar collisions there is no direct reference

channel from which kinetic energy losses (or gains)

of the Ar
0 
may be determined. Spectra from the

Ar2++ArAro collision provide the necessary reference. 0.1 - I I

Figure I shows typical energy spectra of the Ar
0  0 1.0 2.0

2+2+
from Ar++ a+ d Ar +Ar collisions at an energy of 1.0 e deg
keV and sai7 -. The spectra correspond to Q=O pro-

cesses in Ar +Ar and Q^.O in Ar 
2
++D 2 . Although there FIG 2 The reduced cross section, for double electron

0 capture, as a function of scattering angle in 2.0 keV
have been no direct studies of the Ar states following Ar2++D2 collisions.

double electron capture from Ar, the oscillatory struc-

ture in the cross sections for the direct and double We have measured the cross section for the double

electron capture channels
4 

was found to be character- electron capture processes. Figure 2 shows our pre-

istic of resonant charge exchange and attributed to it. liminarv results at 2.0 keV. At small angles the

The dominance of the resonant processes at small scat- cross section for double electron capture Is found

tering angles is now confirmed by our present stuaies. to be weak compared to the direct channel.

The present study continues to show the importance

of accidental energy resonant processes in ion-molecule

FIG 1 Energy spectra of collisions. Several different channels can result in Q

the Ar
0 
resulting from values near zero. Our work to date however suggests

double electron capture at that the dominant two electron capture channel is

1.0 keY, e=O. (A) Ar 
2

+D Ar ( P)+D-Ar 0(3p nl) with the two 0 ions having
2+ 2

-Q.0. (B) Ar2++Ar -Q=0. kinetic energies near threshold.

The arrow is drawn at the References

Q-l2eV position which would

correspond to final ground Supported by the National Science Foundation and the

state Ar0 with the two D+ University of Connecticut Research Foundation.

ions having threshold ener- 1. S.J. Martin, V. Heckman, J. Jakacky, Jr., and E.
Pollack, Bull. Am. Phys. Soc. 29, 814 (1984).

gies.

2. S.J. Martin, V. Heckman, J. Stevens, J. Jakacky, Jr.,

and E. Pollack, submitted to Bull. Am. Phys. Soc.

In the double electron capture from D2 the Q".O

processes found at small - are consistent with capture 3. W.L. Hodge, Jr., A.L. Goldberger, M. Vedder, and E.

p Pollack, Phys. Rev. A 16, 2360 (1977).
to electronically excited Ar

0 
states. Over the <2

ket deg. range studied, double electron capture was 4. J. Stevens, R.S. Peterson, and E. Pollack, Phys. -keV dg• rage stdieddoube eletron aptur wasRev. A 27. 2396 (1983). "." "."

seen to occur to channels with Q near 0. Capture to .ev.A'27.236:(183)

the ground state of Ar
0 

with the two D
+ 

ions leaving at

threshold energies would correspond to an exothermic *' - .

process with Q 12eV.

. -. .....- "--..
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ELECTRON CAPTURE IN Li
+ 

+ H2 AND Ar
+ 

+ H2 COLLISIONS IN THE keV E'ERGY REGION AND .. -.

STUDY OF ORIENTATION EFFECT OF THE TARGET MOLECULE .

M. Kimura
t 
S. Chapman* and N. F. Lane*

Joint Institute for Laboratory Astrophysics
University of Colorado and National Bureau of Standards

Boulder, Colorado 80309 SA. ....

We have performed semiclassical close-coupling orientation q (angle between the molecular axis and P ,'C "

calculations by using molecular orbital expansion meth- the internuclear coordinate) of the tareet P., molecule

ods with the inclusion of electron translation factors are shown. As we have noted, the initial state, Ar +a.

to investigate electron capture mechanisms in Li
+ 
+ H2 "2(X1 Z;v), consists of both 7 and 

" 
svmmetries where-

and Ar
+ 
+ H2 collisions. To compensate for the com- as only 7 symmetry is present in the final state,

plexity of the polyatomic system which is difficult to corresponding to Ar + H+(Iscv'). Because of the

deal with accurately, we have employed the diatoms-in- involvement of p-orhitals in Ar+ + R2 collisions, orl-

molecules (DIM) method1 to obtain "reasonably accurate" entation effects of the target molecule are expected

adiabatic potentials as well as eigenfunctions. Since to be strong. Indeed, our calculation reveals the .

the keV energy region is of interest, the adiabatic strong dependence of the probability on orientation

(sudden) approximation is appropriate for internal mo- at all energies studied. On the other hand, since

tion and accordingly, the relative nuclear coordinate both colliding partners in the Li
+ + H2 svste' have

of the target molecules was frozen at its equilibrium approximately spherically symmetric electronic charge

value. These two systems, Li+ + H2 and Ar
+ 
+ H2 , are distributions, the effect of orientation of the target

of particular interest from a theoretical point of molecule might be expected to be weak and this is what .

view, because the (LiH 2 ) system has near Z symmetry was found.

(relative to the ion-molecule axis) in initial and Total electron capture cross sections for Ar +fTota eletro capture cross sect(ArH2)+ for Ar o
final ground states, while the (ArH2  system has open p2 collisions are plotted in Fig. 2 along with somep-orbitals in the Ar

+ 
ion which give rise to n symmetry experimental measurements.

2-  
fue to the near reso-•

in the initial state. Hence, we can expect that mecha- c,

nisms governing electron capture in these two systems nant character of the Ar + 2 collision, the crosssection does not drop as the collision energy de-

are quite different. creases. This finding is also Quite different from
In Fig. 1, adiabatic potential curves as func- that seen in non-resonant Li

+ 
+ H2 collisions. . *... - -

tions of Internuclear distance R between Ar
+ 
and H2 and *MK and NFL were supported hv the tT. S. Dept. of " -

Energy, Basic Energv Sciences.
Also Rice University, Houston, TY.

-003 1984-85 JILA Visiting Fellow. Permanent address:
Dept. of Chemistry, Barnard College, Columhia niv.,

-004- New York, NY 10027.

-005 References
00~ B 1. S. Chapman and R. K. Preston, J. Chem. Phys ofn

-0 or, --6.0 65o (1974).
21 2. C. J. Latimer, J. Phvs. R 11, 515 (1077).

-007 3. A. F. Redrick, T. r. "oran, K. .r. ucCann and '. 4 .
AWSl4ioScg) Flannerv, .7. Chem. Phvs. *'6, 24 (1577).
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CHARGE TRANSFER [N ION-MOLECULE COLLISIONS AT THE kev ENERGY REGION: STUDY OF H + H2 COLLISIONS*

M. Kimura

Joint Institute for Laboratory Astrophysics, University of Colorado and .-.- %'

National Bureau of Standards, Boulder, Colorado 80309 USA

In contrast to theoretical study of charge trans- Two-state [H+ + H2 (XIg)and H HSog) semi- .

fer in ion-atom collisions in the low to intermediate classical close coupling calculations have been per-

energy range, theoretical investigations of ion-mole- formed to investigate H+ + H 2 collision dynamics by

cule collisions in this energy region are very scarce, using the molecular orbital expansion method with the

This may be partly attributed to the following reasons: inclusion of plane wave electron translation factor

(i) it is quite a complex problem to obtain even "rea- effect. Adiabatic potential curves are displayed in

sonably accurate- adiabatic potentials and eigenfunc- Fig. I for several values of 6 and with 0 - 0'. The

tions as functions of internuclear coordinates and figure indicates that the colliding particles can

molecular orientations for the polvatomic system; (ii) approach more closely for a - 90* than for 6 - 0.

for the polyatomic system, the number of internal de-
The influence of orientation of the target

grees of freedom that need a proper dynamical treatment molecule on the charge-transfer probabilitv has been

increases dramatically. To partially compensate for
examined, and the charge transfer cross section Is

these difficulties, we have adopted the diatoms-in-
moleules(D14 metod 1found to be very sensitive to the molecular orien-

olecules (DI) meth to obtain "reasonably accurate"
ration at energies below 0.5 keV or above In keV.

adiabatic potentials as well as eigenfunctions. Also, Bte hs nre, ov, hoi aoBetween these energies, however, the orientation*--" , .

since the keV energy region is of interest, we have
effect was small. Calculated total cross sections--

employed the adiabatic (sudden) approximation to freeze are plotted in Fig. 2 along with experimental mesa-

vibrational and rotational motions of the target mole- urements.2-5 Overall agreement between theory and

culc. Accordingly, we have fixed the internuclear dis-
experiment is satisfactory.

tance of the H molecule at its equilibrium distance.

Work supported by the U. S. Department of Fnergv,
Office of Basic Energy Sciences.
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ABSOLUTE CHARGE TRANSFER CROSS SECTIONS OF 50 eV -4 keV H H2
+  

U3+1 N
+
, and in Cs

M. J. Coggiola, Y. K. Bae, and J. R. Peterson

Chemical Physics Laboratory, SRI International, Menlo Park, California 94025 USA

We have recently measured the to i attenuation
cross sections for H+, H2 H3 and their deuterium BEAM SPEED - 10

7 
cm/s

analogs, and for N
+ 

and N2
+ 

incident on a Cs target. 0.5 0.8 1 2 4 6 8 10

Theexperimental conditions: were arranged such that 31 .1
S 2

single electron capture was the dominant attenuation E *0 *0
mechanism. The energy range investigated for the 1 1

7 0.8 00 D', H+ This Work U
hydrogen ions was 50 eV to 4 keV, while that for the b 0.6 D* Meyer and Anderson

nitrogen tons was 350 eV to 4 keV. 0.4

U 2 A AColutron ion source, focussed and aaccelerated to the uJ AA AA -U-t .

final beam energy and mass-analyzed by magentic 0 
1  

+ +

0 0.8DA.. 3, H~ This Workdeflection. The collimated projectile beam is directed a 0.6 .

C.)v ' Meyer and Andersonthrough the Cs target cell and onto a suppressed Fars- 0.4 3

day cup. The collector has a ±8 acceptance angle to

reduce the effects of angular scattering on the beam 101 102 103 104

BEAM ENERGY - eViAMU
attenuation. The alkali target cell can be moved

rapidly into and out of the projectile beam path, + Total attenuation cross sections for 2j-++" '

giving measurements of the attenuated and incident beam and H3 /D3
+ 

In Cs vapor.

intensity, respectively. Fixed defining apertures

before and after the movable target cell collimate the
This work was supported by the C.5. Department of

projectile beaw. The Cs target thickness was deter- inergy, Division of Magnetic Fu-ion Energy, under

mined experimentally by measuring the total attenuation contract OE-AT'J3-80tR53091.
of a He

+ 
projectile beam and then using the accurately

measured absolute o+o cross sections for He+ + Cs. Reference

Our results fr sae necletgeent 1. J. R. Peterson and D. C. TLorents, Phys. Rev. 162, -

ith the data of Meyer between IOU eV and 4 keV. The 152 (1969).

present results extend the energy range down to 2. F. W. Meyer, i. Phys. B. Atom. Molec. Phys. 13,
383(1980). .. .

50 eV/amu, where o is found to decrease with energy 3 . 198(1).
3. F leyer, C. J. Anderson, and L. W. Anderson,

as expected for an asymmetric charge transfer pro- Phys. Rev. AI5, 455 (1977).

cess. The a+, results for H2+/2D and H3+/D3+ in Cs

are shown in Figure 1. Good agreement is again found

with the previously reported results of Meyer et al.
3

An interesting feature of the data in Figure 1 is the

nearly flaL energy dependence of co, down to the lowest

energies measured. Although the D2+ cross section is

apparently falling below 4u eVamu, Its magnitude is

still 25Z of the maximum value. At the same time, the RIP

D3
+ 

cross section shows no sign of a low energy fallof

down as low as 17 eV. amu. The increased range of -" ' '

velocities over which the cross section is relatively

constant is apparently attributable to the large number .. .. . .

of final states in the molecules that can undergo near-

resonant reactions. - -7

% .....

• .. ° . - .
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MIETAsrAB.E EXCITED OH_ AND NH2 _ IONS FROM H2 0 AND NH+ EMS IN Rb .

Y. K. Bae and J. R. Peterson

Molecular Physics Department, SRI International, Menlo Park, CA 94025 USA

We apparently have discovered the existence of a Similarly, metastable autodetaching states of NH2

metastable ( > l.s) excited state of OH- produced by ions produced from NH3+ ions in Rb were also observed,

passing a H20+ beam of several keV kinetic energy but decay rates have not yet been measured.

through Rb vapor. We conjecture that this ion is a Both of these ions are isoelectronic with F-, so

quintet state based on the lowest bound quartet Rydberg
state of in with He - 1,2 we will perform similar experiments with it. Mindful -

OH, analogy 2 Rapid auto- of our negative findings of other reporten metastable

detachment would thus be forbidden by its spin config- ions,
4 

these results should be considered as tentative

uration as in the cases of other known metastable nega-
tiveion, sch s H, B an Ar pending further study, even though the preliminary re-tire ions, such as He, He 2 ,Be and At-. Unlike sisfrO-aefil ovnig

sults for OH are fairly convincing.

these other metastable negative ions, however, OH- also

has a stable state below the ground state of OH. Supported by NSF Grant PHY 84-10980 and AFOSR -

Contract F49620-82-K-0030.

Negative ions were formed from a momentum-analyzed References

H20
+  

parent beam transiting Rb vapor, presumably by i. Y. K. Bae, M. J. Coggiola, and J. R. Peterson,

near-resonant dissociative electron-capture production Phys. Rev. Lett. 52, 747 (1984).
2. H. H. Michels, Ph-ys. Rev. Lett. 52, 1413 (1984).

of the quartet Rydberg OH, followed by a second elec- 3. Y. K. Bae, J. R. Peterson, A. S. Schlachter, and - - .

tron capture collision with Rb. This mechanism is also . Stearns, Phys. Rev. Lett. 54, 789 (1985). .-

4. Y. K. Bae, .. J. Coggiola, and J. R. Peterson,
only conjectured, in analogy to the production of other Phys. Rev. A 29, 2888 (1984).

metastable negative ions.
3  

After traversing the vapor

target the +, 0, and - charged-beam components were Rb III
separated by a. electrostatic quadrupole deflector QI --_- ---J

which can be used as P low resolution energy H20"LJ FC.

analyzer. See Figure 1. After passing two defining OH-e

apertures, the energy-selected negative ion component

entered a second quadrupole Q2 where it was deflected ""

to a Faraday cup. The voltage of two quadrupoles were ,

coordinated to deflect the same energy negative ions. .L

Fast neutrals formed from either coIlisional- or auto- ;OH

detachment along the field-free drift path between QI CSM Conductin

and Q2 pass through Q2 undeflected to the neutral L..-"G-'°
detector. Figure 1 Schematic of experimental arrangement.

Figure 2 shows the energy scans of negative ions

produced from a parent 112
0+  

beam and the neutrals

produced from them between Q1 and Q2. Although the 0 o" Fo.IOo Auto5,tChm5, ,c

ion currents were much more intense than the OH_ ions,

the 0- ions produced far fewer neutrals than did OH. •[

When we Increased the background pressure, the inten-

sity of neutrals from OH was essentiall' constant,

indicative of autodetachment, while the aeutrals from I -

0 increased ln.-arly from zero with the pressure, as

expected from oilislional detachment. Apparent decay O H" .* -"

rates measured at severil delay times between 3 and 6

, .sec after formation decreased monotonically from 4xl04

to 2xl0
4 

/s. These rates assume a unit counting effi- 5s 0 6 17 I

ciency for the neutrals, and thus represent only lower E nergy Un s of e g i tEAM ( o i cu v )

limits. Figure 2 Energy scans of nagatire ioos (solid curve),
and neutrals (dashed) produced from the

m

between Ql-Q2.

t_ A
Aim"
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ENERGY AND CHARGE TRANSFER IN 02
+ 

ON 02 COLLISIONS -EFFECTS OF A VIBRATIONAL RAINBOW"

.. .. - .- 4.-

K. B. McAfee, Jr., R. S. Hozack V

AT&T Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

The efficient conversion of up to eight degree. As proposed above this implies that vibra-

vibrational quanta into translational energy is tional energy transfer can take place easily at

found to occur during 02+
- 
0 collisions. The high large impact parameters and that impulsive transfer

efficiency and low deflection angle which are at small impact parameters such as described by

observed in the experiment reported are explained Bates, and Reid[2] for hydrogen is not required

by the occurrence of multiple crossings of the 02
+-  

in larger systems.

02 system interaction potentials, specifically the

attractive and repulsive symmetry potentials. The CHARGE EXCHANGE SPEcTRUM

energy and charge transfer model evolved from the 0
0

experimental data proposes that energy transfer in .00
synmetric molecule - ion collisions takes place at ,

very large intermolecular separations. It differs POSITIONOF CHARGE
Z ~ EXCHANGE v-

in an important way from previous concepts which D0BAND HEADS-
0

suggest that impulsive momentum transfer at a.0

relatively short distances is necessary to the N

exchange of vibrational energy. To explain the 0 00

i 00
data, a distortion of the electron cloud surround- 0 0 00

Z 0
ing the colliding systems is conceived to produce 0 o °

charge-transfer oscillations whose frequencies at ) I

the crossing points are multiples of molecular 1- '-

vibration frequencies. Such resonances are similar W>

to the more familiar rainbows often observed in i "

molecular collisions. 0

The experimental data are obtained by colliding

a 130 eV 32+ beam at right angles to a narrow bean

of target 02 molecules which are produced in a free
jet.Theenegy o th 02neutral bea molecules ".-'-'2

30 25 20 15 10 5 0 -5 -10 -t5 -20 -25 -30
is determined after charge exchange has occurred LABORATORY SCATTERING ANGLE

using a hemispherical analyzer. From an analysis

of the deflection angle and the energy of these Figure 1: The relative intensity of low-

ions it is possible to determine the center-of-mass energy scattered ions is plotted

angle change and the number of vibrational quanta against the laboratory deflection

which are transferred from the projectile ion to angle for for 0.+
- 

0. collisions

the neutral which is in its ground vibrational at 130 eV projectile energy. The ''-

state. For collisions which are exothermic the numbers shown adjicent to the

laboratory scattering angle shown in Figure I is peaks show the position of the 13 "

negative and vice versa. Only the predicted band head av.ordinq to the conven-

positions of the band heads is shown in the figure, tion 02
+

(v ,+O,(v 2 ) + o2 (vl)+ 2
+  

-.-

however, we find that it is possible for light (v,). Individual transitions are . -. '.. '.

molecules to resolve band systems which differ by labelpd (v v2,v3,v). .,- .-.

one quantum up to Av equal to about 9. The 1, K. 8. McAfee, Jr., C. R. Szmanda, R. S. Hozack,

important result shown in Figure 1 is that energy R. E. Johnson, J. rhem. Phys. 77, 2399 (1982).

transfer occurs efficiently up to, at least, av = 8 2. 1. R. Bates and P. H. G. Reid, Proc. Roy.

and for center-of-mass angles of a few tenths of a Soc. London Ser. A310,1 (196).

.z ..
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METAS rABLE EXCITED OH AND NH2  IONS FROM H20 AND NH3

Y. K. Bae and J. R. Peterson

Molecular Physics Department, SRI International, Menlo Park, CA 94025 USA I

We apparently have discovered the existence of a Similarly, metastable autodetaching states of NH2

metastable (r > lps) excited state of OH produced by Ions produced from NH3+ ions in Rb were also observed,

passing a H20+ beam of several keV kinetic energy but decay rates have not yet been measured.

through Rb vapor. We conjecture that this ion is a o
Both of these Ions are isoelectronic with F-, soqittstate based on the lowest bound quartet Rydberg- ---b'l " ''

quintet we will perform similar experiments with it. Mindful

state of OH, in analogy with He2 .' Rapid auto- of our negative findings of other reported metastable

detachment would thus be forbidden by its spin config- ions,
4 

these results should be considered as tentative
urat~~~ons thes reslt shoue base cosdee othe tnenteativenga -.''-'

uration as in the cases of other known metastable nega- pending further study, even though the preliminary re-

tive ions, such as He-, He2-, Be- and Ar-.
3  

Unlike sults for OH are fairly convincing.

these other metastable negative ions, however, OH also L J

has a stable state below the ground state of OH. Supported by NSF Grant PRY 84-10980 and AOSR
Contract F49620-82-K-0030. --. ' "-

Negative ions were formed from a momentum-analyzed References

H2O
+  

parent beam transiting Rb vapor, presumably by I. Y. K. Bae, M. J. Coggiola, and J. R. Peterson,

near-resonant dissociative electron-capture production Phys. Rev. Lett. 52, 747 (1984).
2. H. H. Michels, Phys. Rev. Lett. 52, 1413 (1984).

of the quartet Rydberg OH, followed by a second elec- 3. Y. K. Bae, J. R. Peterson, A. S. Schlachter, andi J. W. Stearns, Phys. Rev. Lett. 54, 789 (1985). " ,

tron capture collision with Rb. This mechanism is also . . Stearns. P. Rev. le , 789 (15.
4. Y. K. Bae, H. J. Coggiola, anid 3. R. Peterson,it _ "

only conjectured, in analogy to the production of other Phys. Rev. A 29, 2888 (1984).

metastable negative ions.
3  

After traversing the vapor -

target the +, 0, and - charged-beam components were Rb '- gal

separated by an electrostatic quadrupole deflector Ql ------- . . - .

which can be used as a low resolution energy H2 0'-  ~ FCl

analyzer. See Figure 1. After passing two defining O0 O-- "ANtr 2
apertures, the energy-selected negative ion component

entered a second quadrupole Q2 where it was deflected C_2

to a Faraday cup. The voltage of two quadrupoles were -2 -

coordinated to deflect the same energy negative ions. OH"

Fast neutrals formed from either collisional- or auto- :OH ' - -1 -

deacmet log h fel-feedrf pthbewen ICEM - ComlngX L

" and Q2 pass through Q2 undeflected to the neutral

detector. Figure I Schematic of experiuental arrangement.

Figure 2 shows the energy scans of negative ions i I I "

produced from a parent H20
+  

beam and the neutrals

produced from them between Ql and Q2. Although the 0- OK FoO'
0- Aut ,-_h-.

ion currents were much more Intense than the OH- Ions,

the 0- ions produced far fewer neutrals than did OH_- 1
'When we increased the background pressure, the inten- _"

sity of neutrals from OH was essentially constant, "

indicative of autodetachment, while the neutrals from J
0 increased linearly from zero with the pressure, as /

expected from collisional detachment. Apparent decay Om-

rates measured at several delay times between 3 and 6

"sec after formation decreased monotonically from 4xl0
4  -

to 2x10
4 

/s. These rates assume a unit counting effi- ,s1 ,ss s ,16.. .1-ENERGY (UNITS OF HO- BEAM ENERGY)

ciency for the neutrals, and thus represent only lower 5 U.a"

limits. Figure 2 Energy scan of negative ions (solid curve), .-
and neutral@ (dashed) produced from then
between QI-Q2.

. -.. ....... .
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ENERGY AND CHARGE TRANSFER IN O, ON 02 COLLISIONS - EFFECTS OF A "VIBRATIONAL RAINBOW"

K. B. McAfee, Jr., R. S. Hozack "

AT&T Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

The efficient conversion of up to eight degree. As proposed above this implies that vibra-

vibrational quanta into translational energy is tional energy transfer can take place easily at L. *

found to occur during 02- 02 collisions. The high large impact parameters and that impulsive transfer

efficiency and low deflection angle which are at small impact parameters such as described by

observed in the experiment reported are explained Bates, and Reid[z] for hydrogen is not required

by the occurrence of multiple crossings of the 02
+ -  

in larger systems.

02 system interaction potentials, specifically the

attractive and repulsive symmetry potentials. The
CHARGE EXCHANGE SPECTRUM

energy and charge transfer model evolved from the

experimental data proposes that energy transfer in 0 0

symmetric molecule - ion collisions takes place at 0

00
very large intermolecular separations. It differsn 1 9 POSITION OF CHARGE

Z 0 0 EXCHANGE v-v .-

in an important way from previous concepts which o BAND HEADS -k

suggest that impulsive momentum transfer at 0 0

relatively short distances is necessary to the t! I Il.

exchange of vibrational energy. To explain the 00

00data, a distortion of the electron cloud surround- 0 o 100 o
o
o  

o 1, o
ing the colliding systems is conceived to produce 00 o 0toll~ lll 0° 0. = .
charge-transfer oscillations whose frequencies at o7 0 i !t I ' - ..

*the crossing points are multiples of molecular Z

to the more familiar rainbows often observed in

molecular collisions.

The experimental data are obtained by colliding

a 130 eV 02+ bean at right angles to a narrow bean

of target 02 molecules which are produced in a free

jet. The energy of the 02 neutral bean molecules 0 0 00
30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30

is determined after charge exchange has occurred LABORATORY SCATTERING ANGLE

using a hemispherical analyzer. From an analysis

of the deflection angle and the energy of these Figure 1: The relative intensity of low-

ions it is possible to deterine the center-of-mass energy scattered ions is plotted

angle change and the number of vibrational quanta against the laboratory deflection

which are transferred f-)m the projectile ion to angle for for 02+ - 0, collisions

the neutral which is in its ground vibrational at 130 eV projectile energy. The

state. For collisions which are exothermic the numbers shown idjlcvnt to the

laboratory scattering angle shown in Figure I is peaks show the position of the

- negative and vice versa. Only the predicted band head accordinq to the ronven-

positions of the band heads is shown in the figure, tion 0 v.),.-(v9-

however, we find that it is possible for light (v4). Individual transitions are

- molecules to resolve band systems which differ by labeled (v v,,v,v,).

one quantum up to 6v equal to about S. The i. K. B. McAfee, Jr. , C. R. Szmanda, R. S. Hozack,

important result shown in Figure I is that energy R. E. Johnson, J. Chem. Phys. 77, 2'399 (19.2).

transfer occurs efficiently up to, at least, Av= 8 2. i, R. Bates and P. H. G. Reid, Proc. Roy.

and for center-of-mass angles of a few tenths of a Soc. London Ser. A310,1 196R). ,,.
M -
""'S.7,

-_- '5.
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OBSERVATION OF COLLISION-ENERGY, PRODUCT-STATE, AND ANGULAR-SCATTERING SPECIFICITY

IN THE CHARGE-TRANSFER REACTION OF Ar+(
2
P3/2) WITH N2 (X1rgV=O)

Alan L. Rockwood, Stephen L. Howard, Du Wen-Hu, Paolo Tosi, Werner Lindinger, and Jean H. Futrell

Department of Chemistry, University of Utah, Salt Lake City, Utah 84112

The charge transfer reaction observed distribution of products reported by Leone, ". 
°' 

. * 
"

+2 1 AriSo) 1 N(X
2
gV') et al.,

2 
at low energy.

Ar P P3/2) + Y2(X -9 v=O) 0+ N2g (1 That the reaction dynamics of the system is some-

and its inverse what more complex than deduced from the results ref-

N2 +(X
2
zgV

'
) + Ar(o 1s N2 (X

1
Ev) + Ar( 2 Pj) (2) erenced above is revealed by the Newton diagram for

reaction (1) at a collision energy of 1.1 eV. Principal
have been extensively investigated by modern techniques

" capable of probing state-to-state specificity in these - -.-.--- -"-

reactions. It has been established that reaction (C)
01

gives the v=O product exclusively at 80 K , but that

at all temperatures above 1400 K the formation of .

- vibrationally-excited levels of the ground electronic 0,

" state of N2
+ 

dominate the reaction kinetics. This has 01 \

-. been definitely shown in a laser-induced fluorescence ..

'- study of the reaction products at a collision energy

less than 0.3 eV
2
, which indicates that the product

ions consist of a distribution of rotational states 0__ _,____

• .for the v=O and v=1 states of the product ion with the

vibrationally-excited component constituting 87-10 of A,+N2 -A, N "--
T-LI.V

the total; the rotational state distribution for

N2+(v=I) was analyzed in detail, showing R=12-13 com-

pared with N 7 for the N, reactant at room tempera-

ture. Further, the very strong v brational state conclusions are as follows: (1) Extensive large-angle ii .
dependence of the reverse reaction (2) has been demon- scattering the N2

+ 
product is observed in addition to3droucerpoteepevouly

strated in the elegant study by Govers et al. using the forward-scattering N2
+ 

product reported previously.

electronically and vibrationally state-selected ions. (2) Extensive translational to internal energy con- . *

-- A recent paper from our laboratory demonstrated version takes place with the formation of v=2,3, and'*

the formation of primarily N2+(X
2  

,v=l) in reaction probably 4 levels of the ground electronic state in
2 9 4

. (1) at collision energies of 1.73 and 4 electron volts
4
. addition to the v=1 vibrational level detected pre-

The angular scattering observed in that study showed viously. (3) A high degree of quantum-state specifi-

that the mechanism was direct and that very little city correlated with angular-scattering specificity is - -

momentum was transferred in the electron transfer observed in the distribution of product ions.

. mechanism. A curve-crossing model was suggested to References

explain these results. This model has been elaborated 1. S

* in great detail in the work of Govers, et al. 
3 
who 1. D.L. Smith and N.G• Adams, Phys. Rev. A 23 (1982)• ~~~~2327. .. _---

demonstrate that a semi-quantitative rationalization of
2. L. Huwel, D.R. Guyer, G. Lin, and S.R. Leone,

their results for reaction (2) is possible using the J. Chem. Phys., 81 (8) 1984).
Bauer-Fischer-Gilmore curve-crossing model. Their cal-
culations identify the outer crossing region as the 3. T.R. Govers, P.M. Guyon, T. Baer, K. Cole, H.
c i i i h e o g i sFrohlich, and M. Lavollee, Chem. Phys. 87 (1984)

critical one for determining the overall probability of 373. "'

charge transfer (inner crossings are traversed adia- 4. B. Friedrich W Trafton, A.L. Rockwood, S.L.

batically in their model), and they infer that a single Howard, and J.H. Futrell, J. Chem. Phys. 80 (1984)
2537.

crossing, the (v",v=v"-I) vibronic crossing, very

likely governs reaction probability. Our previously-

reported beam study of reaction (1) is completely con-

sistent with the microscopic reversibility predictions

of their elaboration of the BFG model and with the

",".* -. ,*

.*** * ** .* ... ... .. .. .... . . ..... . . . .
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STUDIES OF CHARGE TRANSFER PROCESSES IN A FLOV TUBI. : t... .,.

R.G. Keesee, B.L. Upschulte, R.J. Shul, R. Passarella, R.E. Leuchtner, and A.W. Castleman, Jr. . .

Department of Chemistry, The Pennsylvania State University, University Park, PA 16802 r - "*

A recently completed selected ion flow tube (SIFT) electron spectra showed a very interesting result.

apparatus was utilized to measure the room temperature In every case tested, the ion, Ar+ or Ar,
+ , 

whichever

bimolecular charge transfer rates between Ar+, Ar2  was closer to energy resonance and favorable Franck- - -

and a variety of neutral species including 02, CO2 , SO2' Condom factor, reacted faster than the ion which was

H20, H2S , NH, and SF6 . A few of the charge transfer further from energy resonance.

reactions have been studied previously, and the accepted Mass spectrometric and optical studies of CS, in

rate coefficients in the literature were compared to our a flowing Ar plasma were initiated to determine the .:j

+ 2
measurements. Our rate coefficients are well within the excitation source of CS2 (A')• A plasma was establi-

typical uncertainty of ±30;. for all of these reactions shed in a flow tube bc glow discharge. The pressure

except the Ar
+ 
+ CO, - CO

+ 
+ Ar reaction, in which case was dominated by the carrier gas, Ar, and ranged from

there appears to be some discrepancy in the literature, 0.8-1.5 torr. The reactant gas, CS 2, was added down- 6:-M L

possibly due to the two spin-orbit states of Ar . (The stream and allowed to react with the plasma. A quadru-

only Ar2 + charge transfer reaction studied previously pole mass spectrometer was used to detect the ionic
9 3

is with H 20. Our rate constant of 1.98xlO cm /sec is species of interest and a photodiode array detector to

in excellent agreement with the literature value of monitor the fluorescence. The spectra were displaved

2.OOxlO
9 

cm /sec. The remaining Ar)
+ 

reactions have on an optical multichannel analyzer with the use of a

not previously been measured, and will be reported. The fiber optic probe and monoehromator.

charge transfer reactions which were found to proceed The visible light emission was identified as the
at or near the collisional limit correlate nicely with A 2-- 

2
- electronic transition of the CS

+ 
ion. Strong

the dipole moment of the reactrt neutral species, spectral features occur throughout the 4600A_-5300A

Thse reactions which were found to proceed at fractions region and were used to determine relative vibrational

of the collisional rate do not appear to correlate with populations of the A- first excited electronic state of

any molecular or ionic parameter. All of the measured CS 2
+  

The plasma consisted of five species capable of
a . . . .

rate constants are relatively fast ( one tenth of col- populating the A- state of CS, : Ar , Ar , Ar , Ar1

lisional rate) except the Ar
+ 

+ 02 0 2 + Ar reaction, and electrons. Fluorescence was completely suppressed

According to the suggestions of previous researchers in when only electrons or neutrals were allowed to react

*, the field, these reactions should show excellent energy with CS, thus eliminating both as possible re-

resonance between the recombination energy of the reac- excitation sources. The concentration of ionic spec ies

tant ion and a vi-rational level of the product ion state; of Ar and th, fluorescence were monitored as a function

furthermore, the product ion state should be linked to of probe voltage, pressure , and flow veloritv under

the ground neutral state of the molecule via a favorable conditions where all three were varied independentl,, of

Franck-Condon factor. These suggestions were tested by one another. The fluorescence intensity did not

comparing the recombination energy of the reactant ion increase as the conen trt io.n Of Ar inreased;

to the photoelectron spectra of the reactant neutral therefore, Ar,
+ 

was discounted as the soure.. ',his

species. This criterion for fast charge transfer identifies Ar or Ar+* s thecy.itri-n sour- in

reactions was not obeyed; for example, the Ar2 + NH3  bimolecular charge-transer reaction; Ar
+ 

+ (,S

NH + 2Ar was measured to react at approximately half CS,+ + Ar or Ar + r SNH3 CS, + Aro rC(S S, + At" SuhI studies"."-.-,

the collisional rate, yet the recombination energv of determine the enere': stat- I tbh rc. i ior eroduct-L

Ar 2  (-14.4 eV) is about 0.5 eV from the closest which account for the cx,-,- inc rcc. ft en , -h r% . i:

vibrational level of (NH3
+

) with a favorable Franck- a charge-transtr rat tion. 1ht. indi:i '-, :Id th-

Condom factor. The ratios of rate constants for the implications will he dis, j-d

Ar /Ar2  reactions with a particular neutral species

were calculated. These were compared to the ratios of Reference

the rate constants to the collisional rate for both the 1 F.3radac Ohsus- , t. S,, , 1 -2'- (19 72.

monomer and dimer ions or argon. In no case did both

the monomer and dimer ions react at fractions of the Support 't the Depar .r: une:r r- t 0

DAAC2'9-8P-K--187 i r u 1i I 1 -l-l-
collisional limit; at least one of the ions reacted

at the collisional rate. Comparisons with the-ho-

,.....:..:..... I
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THE ELCCIRP.NIC STRUCTURE OF FREE LIQUID SURFACES. ELECTRON SPECTROSCOPY UNDER He(Z 5) VERSUS Hel-PHOION IMPACT.

Wolfgang Keller, Harald Morgner, and Werner Muller 1.4

Fakultat fur Physik, Hermann Herder-Str. 3, D-7800 freiburg

The excitation energy of metastable He(2 S) as well b> a comparative study of both ionization methods under

as the Hel-photon energy suffice to release electrons otherwise identical conditions but not by either method

from other matter, let it be atoms, molecules or con- alone.

densed matter. Indeed, Hel-photoelectron spectroscopy

has been applied in all three cases in order to study

the respective electronic structure. Electron spectro-

3scop1 under He:2 5 impact has been studied as well,

but the main emphasis was to a lesser extent the in- ' . -

vestigation of the target but rather the understanding

of how the excitation energy is transferred from

He S( to the target. It is onlY within the last few

-ears that metastable atoms were used as investigative

tool to study condensed matter in the solid state /1,2,

In this contribution we report on the first mea-

surements which apply metastable impact electron spec-

*troscopy (.MIES) to liquid surfaces. In the same machine

under exactly the same conditions we have taken data

from MIES and from ultraviolet photoelectron spectro-

scopy (UPS) for several organic liquids and for liquid

mercury.

We find remarkable differences between both modes

of ionization. For the non-metallic liquids they must be

attributed to the well known fact that metastable rare

gas atoms release their energy only to the outermost

lsyer whereas photons penetrate several layers deep.

Making use of this knowledge in the interpretation of

our data we are able to derive interesting information

on the surface structure of tihf liquids. For liquid

formamide H2 NCOHI we find clear evidence that the sur-

face is composed of molecules which I> flat on the sur-

face.

For this interpretation we have made use of the

relative strength nf different electronic bands as po-

pulated in tIES versus UPS. However, independent of the

relative hand intensities we car) try to evaluate from " .

our data the apparent band width of a given band as

found in rIES and UPS. A preliminarv evaluation indi-

cates that the widths aresystematically smaller in MIES

compared to UPS. It seems justified to identify the

MIES result with the surface density of states and the Referenes 

UPS data with the volume density of states. We have I. Kubota H., Munakata I., Hirooka I., Krhitsu K.,
qnd Harada N . , Chem. Pt hs. et t . 74 1980 40)9 ,-%

carried out model calculations which show that a com- 2 ndSHsradann ., Ch}nrad H., et ., 19p0 .119
2. Sesselmano W., Conrad H., IrtI G., Kuppers J.,

parison of these two quantities allows rather direct Woratschek, and Haberland H., Phys.Rev.tett. 50

conluios n heamount of disorder within the 1983 446conclusions on the m t s. Bozso F., Arias J.M., Hanrahan C.P., Yates J..,
liquid. This type of information can be obtained only Metiu H., and Martin R.M., Surf.Sci. 118 (1984 488

d,. -...

o , 

* * .
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3 1
EXCiTATION TRANSFER INTO BOUND AND CONTINUUM ELECTRONIC STATES. He.2 S,2 S, F1-MOGEN CONTAINING MOLECULES

Kai Beckmann, Oskar Leisin and Harald Morgner r

Fakultat fur Physik, Hermann Herder-Str. 3, D-7800 Freiburg

Excitation transfer from metastable helium He(8A+C l 7
Se2

3
,2 S) to molecules with positive electron affi-

nitv can proceed either in a direct process

He-+M A . He+M'.e _

He+M* (1

or via an ion pair intermediate

He-r-M -He v+M - 'He+M++e- ___________________

H.v(2;, Electron Energy levI

Whereas (1) can be viewed as a one electron processHe251+CC4
which is accompanied by the emission of a second spec-H 2S+C I -
tator electron /I/ the second step of process (2) re-

quires a strong interaction between the two electrons

it is of interest to compare the details of both pro-s

ces se s. T he first step in this approach must consist ina

the identification of both reaction pathways for a

given molecule M. Combination of electron spectroscopy 'T

and optical spectroscopy helps in this respect /2,3,4/.

We present both types of spectra taken simultane-

ously in a molecular beam machine for a large number of W ____________________

5 a a 1halogen containing molecules: Cl2  Br2, 10tr, SCll, Eeto reg~

CF 4 -Cln(n=1,4), ortho-, meta-, para-dichlorobenzene

and trichlorobenzene.I

*The data of the diatomic molecules allow to iden-

tify both processes (1) and (2). The data for the poly- .,

* atomic molecules cannot as convincingly be interpreted

in these terms. In particular the reaction of He* with
'Ti

CF 3C1 still exhibits puzzling features in spite of de-

tailed experimental material /51,6/. A detailed discus- ~
sion will be presented at the conference. _j

We gratefully acknowledge financial support from

*the Deutsche Forschungsgemeinschaft. '

Electrion Energy

Refl erences

I' .. 1.ilorgoer , I ;. irlr III 9Hei o Ic2 I r

- 'teqmaier J1., /.h~r.1 520 1 9H,1),
rT i to ri n 0I.. l-lorqfiai It..,1 t IlIe r W. .. re i bet Ic eit. . and

4.0 ltrr If- U Mnrriri Hf., It Ilor W. . 'ivitel o H., r ind
'i trima ior I.,*li Ii, 1911" e1r o "t Inii

r. Ki!;ctilat W .,rr and~ i Hi., 1.1lrI.pe.el'tr.
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TRANSITION STATE SPECTROSCOPY WITH ELECTRONS: THE REACTION OF He(2 S,2
1
S) WITH HALOGEN MOLECULES 5•1

Arnuif Benz and Harald Morgner

Fakultat fur Physik, Hermann Herder-Str. 3, D-7800 Freiburg

It is well known that the chemical behaviour of ex- better fit to the measured electron energy spectrum. Ex-
cited rare gas atoms is very similar to the alkali atoms periments and calculations for Br2 and J2 are presented

which follow in the periodic system. For the heavier for the first time. We find that the measured electron

noble qas atoms this is familiar from the pumpinq me- energy spectra impose already a constraint on the

chanism of rare gas halide lasers: possible He +X2 potential surfaces. However, spectra of

those electrons which are coincident with either X2 or

X gike much more detailed information on the potential
where A denotes a rare gas and X a halogen atom. surface. An instructive example is shown in the figure

If one starts reaction (1) with A*=He*(ls2s) then for the molecule Br2.

the complex IAX2)* has an excitation energy which is so Financial support from the Deutsche Forschungsge-

high that autoionization of the complex is possible. meinschaft is gratefully acknowledged.

Since autoionization can be a very fast process with

lifetimes of 10
-
16 sec it can compete successfully with

the chemical reaction (1). This is a disadvantage if

one wishes to produce AX- reaction products. However, 3

it turns into an adventage if one intends to investi- He [2 5 - Br.
gate the complex state (AX2 )* itself, because electron V)

emission occurs effectively in spite of the short life- L)(v 2 .

time of the complex. A second favourable feature rests LU ) 4--
in the fact that neither of the reactants He- nor X2 LX ) E P
can emit electrons as long as they are separate. Emiss- 0.- 2"-
ion of electrons is enabled only as a consequence of L) ")
the close contact between the excited He* atom and the 0.O

target molecule. Therefore the electrons carry infor- I-
mation on the structure of the complex (AX 2 but not 0 1 2 3 4 S 6 7

on the separated collision partners. ELECTRON ENERGT C 9 I

Recently some work has been published on the op-

tical spectroscopy of transition states of chemical re-

actions of alkali atoms. Spectia were taken in emission
j.-4

* '1; and in absorption /2,'. These measurements are very

difficult because the lifetime of a transition state is " .L.

usually by orders of magnitude smaller than the average

time which elapses until a photon is emitted or absorb-

ed. Consequently the signal is rather low and careful . -

tests have been used to control the background.

O1 23 4 5 e 7
We have studied the reactions X=CI,Br,Il: ELECTRON ENERGY leV"

He'2
3
5,2 + :He+X 2 )*- He+X)+ e- (2a)

'He++X
'.  

(2b)

Both reaction pathways can clearly be identified in the

electron energy spectra cf. /3 for Cl2 ;. By means of Reference

trajectory calculations we have determined the poten- I. Polanyi, J.C., and Wolf, R.J., J.Chem.Phys. 75
(981) 5951

tial sorface of the transition state ,He +X2) of react- 2. Maguire, T.C., Brooks, P.R., and Curl, R.F. Jr.,

ion path (2b). The used computer code is similar to the Phys.Rev.Lett. 50 (1983) 1918
3. Kischlat, W., and Morgner, H., Z.Physik A312

one used earlier in /3/. For Cl2 we have repeated the (1983) 305

calculations of ref. /3/ and achieved a significantly

%

C.", .', ....-

.............................. ...... _,.. .. ........... .... ................
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PENNING IONIZATION OPTICAL SPECTROSCOPY OF HCI

Andrew J. Yencha, Abul K. Khan, and Sam Brown m,' , 3,
Department of Chemistry, State University of New York at Albany, Albany, New York 12222 USA jo

We have studied the collisional energy transfer pro- HCI (A2
?Iv'-X

2
11. ,.2 v"O)

cess of Penning ionization (PI) of gaseous HCl employing . o ,.

He*(2
3
S) and Ne*(3P 2,) metastables by observing the HCl+ & N & L 'H .'

(A 2 l+ - X ) emission on a flowing afterglow apparatus. FLOWIG AF'TERGLOW

This emission is of particular interest because it has THIS WORK

been cited,
1
,2 in the He*(2

3
S)-HCl system in flowing w i

afterglow studies, as an example of a nonvertical Penn-

ing process, based on the differences found in the vibra- -- _".'"_
"

_
-

_

tional distributions in the HCI+(A) state as determined 4_ 2°SIlIIUS

by photoelectron spectroscopy and PI optical spectroscopy. I do VRIES ell

We have re-examined the flowing afterglow from the He*
system over the helium bath gas pressure range MW

of 0.1-3.0 Torr and found no changes in the HCI+(A - X) ____ __

emission, in agreement with the previous studies, in- I 2osso-eAs .-

dicating that collisional quenching of the HCI+(A) state -I SNYDER - .

by helium gas does not occur over this pressure range.

We have extended our flowing afterglow study to include It
°

.IC d
the Ne* 3 2 o)-HC system, and we have similarly found no FLOW I d

*1 
3  foud noFLOWING AFTERGLOW2,0 

THIS WORK
spectral changes to occur over the neon bath gas pressure

range of 0.1-3.0 Torr. However, the HCI+(A) state vibra- 260 M 34 3N 348 370
tional distribution found in this case is quite different WAVELENGTH lea

from that obtained in the He*(2
3
S)-HCl system, as can be

seen from a comparison of the flowing afterglow emission Fig. 1 PI optical emission spectra obtained for the

spectra given in Fig. 1 (a. for He*(2 3S)-HCl and d. for given interacting systems. Spectra a. and d.:
this work; spectrum b.: Ref. 3; and spectrum c.:

Ne*(
3
P2 ,0 )-HCI). Furthermore, the HCI+(A) state vibra- Ref. 4.

tional distribution obtained in the Ne*3P20 )-HCl system 2. The 'other' species is produced within the afterglow.

was found to be very similar to the Franck-Condon (FC) 3. The 'other' species produces HCI+(A) exclusively or at

factors for direct photoionization of HCI. A comparison least preferentially in v' - 0.

of these FC factors with numerous vibrational distribu- 4. This 'other' species is probably the same 'reactive

tions of the HCl+(A) state obtained by a variety of means intermediate" postulated by Haugh
5 

to explain his ob-

will be given at the conference, served HCl +(A) state vibrational distribution (non-FC- " ".

Recently, de Vries et al. 3 and Snyder et al. 4 exam- like) in fast He+-HCI collisions.

ined the HCl+(A X) vibrational distributions resulting 5. The cross section for the reaction of the 'other'

from He*(21S)-HCl and Ne*(
3
P2 ,0 )-HCI, respectively, under species with HCl to produce HCI+(A, v'=O) must be very

single-collision beam conditions. Their spectra are re- large.

produced in Fig. I (b. and c., respectively). The agree- 6. The identity of the 'other' species is probably

ment in the vibrational distributions of their spectra thermal He
+ 

ions.

with the Ne*(
3
P )-HCl flowing afterglow results (Fig. Thus, it may firmly be concluded that PI of HCl by He*

Id.) is quite apparent. Thus, it would appear that the (23S), He*(2lS), and Ne*(
3

P0) metastables proceeds by a

non-FC vibrational distribution obtained in the He*(2
3
S)

-  
vertical transition from an essentially unperturbed HC.

HCl afterglow study is an inherent feature of the helium molecule (i.e. PI in these cases is a FC process).

flowing afterglow system. hAlso Department of Physics

Based on a thorough evaluation of the operation of

our helium flowing afterglow system, as it pertains to ferences.

PI of HCl, we conclude the following: 1. W.C. Richardson et al. Cher,. Phys._Let. 12, 349 (1971)
2. W.C. Richardson and D.W. Setser, J3.Che .- Phys. 58,

1. HCI+(A) emission results from the combined effect nf 1809 (1973)
two energetic species; they being He*(2

3  3. M.S. de Vries et al., J. Cheri. Ph._ 80, 1366 (1984)
S plus aT 4. H.L. Snyder et al., Cher. Phis. Let. 94, 90 (1983)

other species. 5. M.,). Haugh, J. Che'. _Phys. 56, 4001 (1972)

7 ...- ,,..
. ...... - •* -.. - . - / . . . . ... . . . - , . . , -
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ROLE OF HELIU14 AND NEON IN GLOW DISCHARGES 
:

WITH NITROGEN AS A TRACE COMPONENT:
THE FIRST NEGATIVE N2+(B - X) AND

SECOND POSITIVE N2 (C . B) EMISSION

SYSTEMS OF NITROGEN

M. J. Weiss, and H. Mooney

Litton, Guidance and Control Systems, Woodland Hills, California 91367 USA

Emission from glow discharges in N 2-He-Ne mixtures The appearance of N2+ emission is probably due

were spectroscopically determined under a variety of to the presence of excited helium species, such as the

conditions: content of N2 , total gas pressures dis- He 2 1S and He 2 3S since electron-molecule ionization

charge currents and neon-helium ratio. in glow discharges of nitrogen and neon do no show

much ion emission compared to helium-neon mixtures

The emission from mixtures containing N2 as a containing 1l2 nitrogen.

controlled impurity component was examined between

3000 and 5000 A at N. concentrations from 0.8Z to 30%

and at total pressures from 1.5 to 10 Torr. The effect

of helium and neon on N2 emission was checked indi- 0-.2H l 3-6 .- ...

vidually by operating glow discharges in N-Ne mixtures. Hel
2 m-3 3888.7

47 2-5
The dependence of the emission on discharge

location was also investigated by monitoring the N2  ".. .

emission in the First Negative (B- X) and Second

Positive (C.B) Systems in the region between the 2-4

anode and cathode.
'3-5 ' ""

Discharge currents were varied from 0.5 to 9 ma "4-6

to determine whether there were any gross effects of

the current on the individual nitrogen emission system 
3600 3700 3800 3900

components. In all cases studied, the components of Figure 1. Emission spectrum of a glow discharge in

the N2 Second Positive (C- B) system were present. 
in He-Ne containing 10% N2 . Note the -

2smal contribution of the 20-0 and 1-1
components of the B- X system in N2 .-

As the partial pressure of N2 is reduced from

10% to 0.8%, the presence of the First Negative system -' .

becomes increasingly prominent. Figures I and 2 show

the emission for a 102 and 0.8% mixture of N2 in He-Ne,

respectively. Note the prominence of the 0-0 component Total Pressure: 7 Torr N2 + (B-.X)

of the N 2(B- X) band at 3914.4 A. The ratio of the 0-0

N2 +0-0 component (B- X) to the N 2 0-2 (C.B) of N2

increases by more than a factor of 50 when the partial

pressure of N2 is reduced from 102 to 0.82.
He ' " " '

0-2 3888.7

When pure neon is substituted for the helium-neon 1-3 13.

mixture in N2' the emission systems consist primarily 2-4 , --

of the N (C- B) system with the N +(B- X) suppressed - 4-7
2 2+

considerably.

3600 3700 3800 3900

The result of the discharge current studies show Figure 2. Emission spectrum of a glow discharge in

that for all cases studied, low discharge currents He-Ne containing 0.8% N . Note the much

larger contribution of he I-I and 0-0 .. ..
favor the N2 ,(B- X) emission while high emission components of the B- X system. . -

currents favor N2 (C-B) emission. ' " -

2q

.:.:. . ... ....-. %
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IONIZATION OF CH' IONS BY ELECTRON-LOSS COLLISION SPECTROSCOPY
n

D. Mathur, C. Badrinathan, U.T. Raheja and F.A. Rajgara

Tata Institute of Fundamental Research, Bombay 400 005, India

Introduction ' '

There remains a paucity of data concerning double 4.

Ioiaino oeue and molecular radicals. We 01I 4 X CH CI
4  

+ X + e

report the measurement of double ionization energies

Of CH* ions by means of single electron loss collisions
o f t h e t y p e _ ' ."

CH+ X CH
++ 

+ X + e - E ; (n 1-5) CH. -

where CH 4, Kr, H 2 and laboratory air were used as, ".f/"

target X and the collision energy was 3 keV. The/"

energy defect, 6E, is a measure of the difference

between the single and double ionization energies ENERGY ANALYSER VOLTAGE
o f CH n • 

-*''- . - .

Experimental FIG.1: Typical electron stripping spectrum. The peak on

Singly charged CHn ions were produced in a low- the right is the elastic CH+ peak; Solid vertical

voltage arc, extracted at 3 keV energy and focussed line indicates onset for CH- production.

by an einzel lens on to the entrance plane of a Wien AE(min.) for CH is found to be independent of the

filter (crossed electric and magnetic fields). The nature of target gas used; this suggests that negli-

mass selected ions passed through a double-differen- gible amounts of kinetic energy ahd internal energy %

tially-pumped collision chamber containing gas at are transferred from the fast incident ion to the
-'4

- 10 torr pressure. Ions in the post-collision target. Moreover, the rapidity of the collision process

region (10 
- 7 

torr pressure) were passed through a makes intramolecular energy transfer very unlikely.
parallel plate energy analyser and were detected by Table I gives the preliminary values for ioniza-

a channeltron operating in the particle counting mode. tion energies of molecular species which appear to 1'

The apparatus was interfaced on-line to a micro possess doubly-charged ions whose lifetimes have a

processor-controlled multichannel analyser. lower limit of about 3.5 x 10 a, which is the transit

If the incidert CH' ions were transmitted through time for 3 keV ions to traverse the distance between r .N

the energy analyser at a parallel plate voltage V, the collision region and the detector.
the corresponding CH- ions of the same kinetic energy

n
would be transmitted at (0.5 V - 6V), where 6V is Table I

related to the 6E by a factor determined by the analy-

ser geometry. By measuring the voltage displacement Species AE(min .)a (eV)

of the onset of CHn
+ 

from 0.5 V the minimum energy

defect AE(min.), hence the energy threshold for ioniz-

ing CH+, is determined. 21.
n

Results CH, 26 .26

A typical inelastic spectrum produced by scanning 2

the analyser voltage is shown in Fig.1 for the collision

V CH+ + Kr CH
+ 

+ Kr + e - AE P..+

6E(min.) is measured to be 26.26 s 0.25 eV, where C 24•

energy calibration is accomplished by measuring the

threshold for He- formation in the collision a C C.25 eV

b No signal correspc.n nd n. cc te .

He* + Kr . He" + Kr + e - E

, . .. ,,..

~~~~. . .. ....... ...... ......... .... .. . ..-. .......-
. .. . . . .
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SINGLE AND DOUBLE ELECTRON DETACHMENT FROM
Cl- BY MOLECULAR OXYGEN AND NITROGEN

B. Hird and F. Rahman

Physics Department, University of Ottawa, Ottawa KIN 6N5, Canada.

The cross sections for the production of a fast encountered, and the ionization of the fast neutral at

neutral or a positive ion in a single negative ion- the second acom, in the same molecule. Assuming that ,.'',,.
2 e''

molecule collision, have been measured from 20 keV to the 3-0 cross section is roughly ;R
2
, where R is the

100 keY. There is a significantly higher relative detachment radius, then a simple geometric argument

probability of double detachment from 02 and N 2 than gives a probability of about one third that the second

from monatomic targets, and the double detachment atom, at a binding radius of 1.2 A, will be within an

cross section -_+ is respectively nearly half, and impact parameter distance R of the second atom. This

*nearly a third of the single detachment cross section assumes that the o 0 ionization croas section is

at our highest energies. Also there is a different roughly the same as the atomic detachment cross

energy dependence of the single detachment cross section _O.

sections a0 for 02 and for N2 . The considerable difference between the energy

Experimental conditions were such that the proba- dependence of the 0 and the N aO crosssections
2 2 -

bility of two successive collisions with different suggests that the electron transfer process may

molecules was small and could be allowed for by cor- contribute significantly for the oxygen target,

rection factors, forming slow 0- or 02 recoil ions, whereas this

When the target is diatomic there is an added process is impossible in N2 because of the absence of

possibility that the double detachment may be sequen- stable nitrogen negative ions.

tial, with the detachment occurring at the first atom

U 0 . .. -- 7C +N0. OH-N2  -....

Cl
J 

E

r=,

0

%40 X

x XJ

X X K.

T" 00 3b.oo 6b.00 9b.oo 0o b.oo sb.oo 9b.oo .-

Energy (KeY) Energy (KeV) i .'] "

FIG. 1. Molecular cross sections for the detachment FIG. 2. Same as FIG. I but for Cl- + 02 collisions.

of one electron (circles), and for the detachment of

two electrons (crosesa) in a single Cl- N 2  .". ."" .

collision.

" - .- '

"..''...\ .. . ..-.- . . -. :. ............................... ,'-...... '...--....... -.-.. .-. '.......... --
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FORMATION AND DECAY OF RARE GAS HYDRIDE EXCIMERS PRODUCED IN COLLISIONS OF EXCITED
H MOLECULES WITH RARE GAS ATOMS
2

T. M61ler, M. Beland, J. Stapelfeldt, and G. Zimmerer

II. Institut fir Experimentalphysik der Universit~t Hamburg, D-2000 "amburg 50, Fed. Rep. Germany

Following state selective excitation of H2 in H2 doped I ]

rare gases, rare gas hydrides can be formed in photo-

chemical reaction of the type 11-V He.

Rg+H*(B u, C Fu; R RgH*(B 2)+H (1) IV. . , A -_I

u Rg + H + hV 1 "~Rg - He, Ne, At, Kr, Xe .

Fig. I shows the pathway of the reaction He + H,. The -9 C
1
I1. ,.

hydrides are identified by characteristic bound-free 0-- ' "-5

fluorescence spectra in the ultraviolet range
I
. The c -2  

12 0

transition is indicated in Fig. 1, too. 7 0

The experiments were carried out at the experi- .
2,3 0~ s

2
V

mental station SUPERLUMI
2
' of the synchrotron radia- 2- 11z

tion laboratory HASYLAB. Photoexcitation was performed 2- ~ E
at a band pass of 0.05 nm between 85 and I0 nm. The 2 3

gas cell was equipped with thin In windows which are Internuclear distance [A

transparent in this wavelength range. The gas Figure I Potential curves of selected states of H 5

4 2
pressures ranged between I torr and 20 tort (Rg) and and BeH. The excitation of C

1
l1u, '- 2 and .. -

0.03 torr and I torr (H ) Fig. 2 shows fluorescence the resulting fluorescence from HeR B
211  

X 2E+

spectra of HeH, NeH, and ArH (band pass 12 nm) ar indicated by arrows. Note the change in - ""

attributed to B 21, X 27e transitions, the energy scale.

From the relative intensities of H, and RgH

fluorescence, the cross section (I) was deduced, in

some cases for rotationally selective primary excita-L tion. Values between I and 5 e are obtained for Ar,

initial H2(C 7 ) excitation. ,.ex106.6nm

The formation of ArH* is also possible via

Ar(3 P I I) P + H (X IZ+) - ArH* - H (2) 0

-- 2 g L Ar + H + hV"-

3
The cross sections are roughly 1:5 for Ar( P11 vs. -

Ar( P I) excitation. 
NeH

Exploiting the time structure of synchrotron C Nex= 94.7 nm

radiation, the decay curves of RgH* emission were 0

measured, too. Due to the short lifetime of the 5.'

precursor states, the measured decay rates, which are C -. ..- -C- -"-
8- 0HeH

in the range of 108s
-
', can be assigned unambiguously a ""

to the decay of the hydrides. o Aex 966nm
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THE STATE SPECIFIC REACTION OF ELECTRONICALLY EXCITED SODIUM ATOMS WITH OXYGEN MOLECULES *.. '

H. Schmidt, P. S. Weiss, J. M. Mestdagh, M. H. Covinsky and Y. T. Lee

Materials and Molecular Research Division, Lawrence Berkeley Laboratory and. * .

Department of Chemistry, University of California, Berkeley, California 94720 USA

The reaction: Na(32S) + 02(X3Z-) -, Na0(X2 )  NO v4-,S) + 02  - o :::':::ii..-

eX(3p ) is endothermic, with AH = 57.9 kcal/mole, but 1 .-° t, '

the electronic energy of the Na atoms in the 4D or 3S __" -' -.

states, or with the additional translational energy of 0.8 .--- :

9.5 kcal/mole for Na atoms in the 3P states is more 0
than enough to overcome this endothermicity. The 0.6

purpose of this experiment was to study the effect of 0.4

electronic energy and symmetry on chemical reactivity. .

The reaction of electronically excited sodium Z 0.2.

atoms with molecular oxygen has been studied in a No U. No(5S) 0

modified universal crossed molecular beams machine. 0

Briefly, a seeded supersonic sodium atomic beam was 0 10 20 30 40 50 60 70 80 90

crossed at 90' to a seeded or neat supersonic 02 beam Laboratory Scattering Angle (Degrees)
in a vacuum chamber under single collision conditions. Fig. 1. Laboratory angular discributions of NaO at a

The laser beams used for the excitation of sodium atoms collision energy of 18 kcal/mole. The upward
trend at low laboratory angle is elastic

crossed the atomic beam in this interaction region from scattering of Na as the detector is moved

the third perpendicular direction. Scattered product closer to the Na beam.

was detected with a mass spectrometer which could rotate

in the plane defined by the atomic and molecular beams. Thirdly, the very small angular range over which

The measurements of laboratory angular distribu- the reactively scattered NaO was detected shows that

tions of product were carried out for each of the three the products were very highly internally excited

optically pumped Na levels, as well as for the ground (>2 eV). While our detector is not state selective,

state at three collision energies: 7, 16, and 18 we were able to determine the product translational

kcal/mole. At the lower collision energy (7 kcal/mole) energy, and thus by using thermochemical information

no reaction was observed for any of the Na levels. At and invoking conservation of energy, we found that the

" the upper two collision energies (16 and 18 kcal/mole) total product internal energy corresponds to the

reaction to NaO + 0 was observed only when the sodium formation of NaO(A
2Z+

) + 0( D).

atoms were optically pumped to the Na(4
2
D) state. Lastly, the lack of reaction at low collision

The measured laboratory angular distribution at a energy shows that there must be an entrance channel

collision energy of 18 kcal/mole is shown in Figure 1. barrier of at least 7 kcal/mole, but less than 16

S.This distribution was taken with the mass spectrometer kcal/mole.

.. tuned to mass to charge ratio of 23 (Na
+
) because

. most of the product NaO fragments to Na
+ 
in the --

electron bombardment ionizer. ACKNOWLEDGMENT
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A STATE SELECTED STUDY OF ION-MOLECULE REACTIONS IN THE (02 - N2)
+ 

SYSTEM

Kenichiro Tanaka, Tatsuhisa Kato, and Inosuke Koyano

Institute for Molecular Science, Myodaiji, Okazaki 444, Japan

In order to elucidate the reaction mechanism of ion- Results for reaction (2) obtained at 1.3 eV of col- -

molecule reactions, we have applied our TESICO technique lision energy are shown in Figure 2. Here, the relative

to the internal state selection of the primary ions in reaction cross sections have been determined for vib-
N+( X2,-) and v. =0-, "3 of -N

the reactions rational states v=O-3 of N ) and vO-3 2+

D2 (v) + N2  N2  + D2  (la) (A2). It is seen that, while the cross sections for

2D+ + D (lb) N + D2 Ecm =1.30.4 eV

N 2
4 (c, v) + 02 D 02 + N2  (2a)

N2
D
' + D. (2b) o a- D2 + N2-

The threshold electron spectrum of 02 shows well resolved

peaks which correspond to the production of vibrational - .D+ .. c _ _ _ _ _ _ _. . .

states v=0-7 of the 0 ion, while that of N2 shows -

similarly well resolved peaks corresponding to the pro-

duction of v =O-4 of N2 (X
2
zg) and v=O-8 of N2+(A

2
nu

)
.

This enables us to study the reactions of these states .' -- °

individually by means of TESICO. > 21 - - ,

The results for reaction (1) obtained at 2.5 eV of <

collision energy are summarized in Figure 1, where the _ --

relative cross sections are plotted as a function of the C*
+ ~C 1 2 3 C 1 2 2

vibrational quantum number of 0 2. As can be seen from L __ T1_
the figure, the cross section of reaction (la) shows an " x L"A

2
T I ."

VIERONIC STATE OF N2
+  

+
interesting variation as the vibrational quantum number Fig. 2 Dependence of reaction cross sections
changes. The cross section varies regularly with the on the vibrational and vibronic states of N2

vibrational quantum number, increasing at odd quantum

numbers and decreasing at even quantum numbers. In con- both reactions (2a) and (2b) are almost independent of

trast, the cross section of reaction (lb) is found to be the vibrational state in the X
2
Z electronic state, they " " -

almost independent of the vibrational quantum number, exhibit interesting dependence on the vibrational state

These trends are essentially the same for all collision in the A 211 electronic state. Moreover, the effect of -'.
energie studie 6.0 and 9.0 theenergies studied (2.5, 6.0, and 9.0 eV). the electronic excitation to the A2u state on the magni-.

tude of the cross sections are found to be quite different

D2++ N 2  EcM 2.5-0.5 eV between the two channels (2a) and (2b). This latter point -'" -"."

is more conspicuous at lower collision energies.

Z + The distinct vibrational state dependence of the
N- 

;
*10 cross sections for reaction channels (la) and (Ib) would

- strongly suggest that the chemical reaction (lb) proceeds

V) 5 \ A adiabatically on a potential energy surface correlating
U) i with D2

+ 
+ N2 at infinite intermolecular separation (i.e.,

0 without hopping to the 02 + N2 + surface). On the other
(if Ihand, the similarity in the vibrational state dependencebetween reaction channels (2a) and (2b) with N2+

-10- woud indicate that the chemical reaction (2b) with this

* I-. state proceeds via a nonadiabatic transition to the sur-

U 5 - N2D++ D face correlating with D2
+ 
+ N2 at infinite intermolecular

distance.

0 1 2 3 z 5 6 References
VIBRATIONAL STATE OF D+ 1. 1..Koyano and K. Tanaka, J. Chem. Phys. 72, 4858 -

VIRAIOA SAT O 2 (1980)
Fig. I Dependence of reaction cross sections 2. T. Kato, K. Tanaka, and I. Koyano, j. Chem. Phys. 77,

on the vibrational state of H2  334 (1982)"

on. . .. . (1982)

%.. . . . . . . . . . .. . . . . . ...- -.i "i-.? {T T ....................-......................-.-............................--..-.-.-".-."..-.,....-..-..-........-..
.....................................................................................'".."..........."..........." ," .° ."". "- '. ° '2"."",""."".""°°"°"".""."".""
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ION-MOLECULE REACTIONS IN COLLISION SYSTEMS OF H, H H3+ AND THEIR ISOTOPIC IONS . -. .
WITH HYDROGEN AND DEUTERIUM MOLECULES FROM 0.1 TO 1000 eV.

Kazuhiko Okuno and Yozaburo Kaneko

Department of Physics, Tokyo Metrop,1itan University, Setagaya-ku, Tokyo 158, Japan

An octo-2_ole ion-beam juide ( OPIG ) technique has A2 gas

been used to study on ion-molecule reactions in

collisions of Hl+, H
4
* H + and their isotopic ions with Ion Source Detecte

-3

hydrogen and deuterium molecules in the energy range B 2 a s

from 0.1 to 1000 eV. The OPIG is united with a P G

collision cell placed in the middle of tandem mass

spectrometer as shown in Fig.l. An r-f field supplied

to the OPIG stores and guides product ions formed in

the collision cell to the entrance of the second mass

spectrometer.

The types of reaction channels taking place in the

collision systems studied were identified by using

various combinations of isotopic spacies as follows. Hsi &2 -

A++ B, AB + B
4  

olso+m

AB
+ 
+ B (2) Fig.1 A schematic diagram of the apparatus used.

A + B2  (3)

.. A +~ .. + ) ( )kinetic energies of product ions were analyzed from the

A,' + B - A B + B (5) mass positions of product peaks in the mass spectra
2 2

B AB2 + + A (6) observed.

The obtained cross sections except for that ofAB
+  + AB (7)"'' .---

symmetric charge transfer process (8) are very strongly
2+ *.. j . - .

A2  + (8) dependent on the collision energy. Their energy

-v A
+ 
+ A + B2  (9) dependences can be classified according to whether AE>O

or AE<O where LE is the exothermicity of reaction. The
B(reactions of (1), (5), (6), (7), (11) and (12), which

° A + B - A 
B+  

+ AB (11) are the former case, are predominant at low energy
3 2 2

AB + A2  (12) region and their cross sections decrease rapidly above
2 several electron volts. On the other hand, the cross

A 2 B A B (13) sections of reactions which are endothermic raise up

-- AB2 + A 4 A ) (14) rapidly from each threshold, have a maximum around 10

A
+  

+ A 2 B (15) eV and decrease with the increase of collision energy.

The cross section of reaction (3) raises up again above
A + A + B (16)
2 . ( 200 eV very sharply. It seems that there are two

-. AB
+ 
+ A2 + B (17) different charge transfer mechanisms in the H

+ 
+ H22 2-

collision system.

Here A and B are H or D.

The integral cross sections of these reactions The cross sections will be presented and the

* were determined as a function of the collision energies collision dynamics will be discussed.

from 0.1 to 1000 eV in the center-of-mass system and

-MEOW %
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THE PRODUCTION OF H3+ IONS WITH LOW INTERNAL ENERGY

A. Sen and J.B.A. Mitchell

Department of Physics and Centre for Chemical Physics ..-. %%
The University of Western Ontario, London, Ontario, Canada. N6A 3K7

The dissociative recombination of H3+ is a process _FV
of great importance to astrophysics and to negative ion a H+ + He -oH + H2 + He [t,. ,

source production. A number of recombination studies H3+ + He - H
4
+ + H + He I

;'2 have been performed 1 6 
which agreed quite well with each :o I

other. The most recent measurement however indicates C. a

that ground state H+ (v = 0) ions have a very low recon- 0 0 •

bination rate coefficient. This supports theoretical
stde8 , 9

studies hich had also predicted a small rate coeffi- a 
a

cient because of a non-favourable crossing of the disso- 0 A
ciating neutral state with the potential energy surface - - i 12 , .. is

of the ion. Some of the earlier studies certainly in- E ENERGY (LAB) eV

volved excited H 3+ ions but for the studies of Peart & 3 1 3 7 B .•
Dolder and Biondi, the ions were believed to be vibra- ION KINETIC ENERGY (CM) eV Fig. 1

tionally cold. Clearly there remains considerable uncer-

tainty regarding this important reaction. 5. MacDonald, J.A., Biondi, M.A. and Johnson, R. Planet

An r.f• storage ion source
(I0 ) 

has been built in our Space Sci. 32, 651, 1984.
laboratory for production(11) de-excited 6. Mitchell, J.B.A., Ng, C.T., Forand, L., Janssen, R.of vibrationally and McGowan, J. Wm. J. Phys. B17, L909, 1984.
ions. The studies of the vibrational states of these 7. Adams, N.G., Smith, D. and Alge. E. J. Chem. Phys. 81.

1778, 1984.ions emanating from it have been performed by examining 8. Michels, H.H. and Hobbs, R.H. App. J. Lett. 286, L27,
the threshold for collisional dissociation with He atoms 1984.

9. Kulander, K.C. and Guest, M.F. J. Phys. B16. LIOI.in a low energy cross beam (ion-atom) apparatus. Our 1979.
results on H2+ indicate that these ions are basically 10. Teloy. E. and Gerlich, D. Chem. Phys. 4, 417, 1974.

11. Sen, A.,* McGowan. J. Win, and Mitchell. J.B.A. (Thisformed in the lowest two vibrational levels under appro- Conference).
priate source conditions. (11)

H3+ ions are formed in the source mainly through the

reaction H2+ + H2 - H3+ + H. These ions have been

examined by looking at the threshold level for the reac-

tions

H,+ He - H+ + H2 + He - 4,534eV

- H2+ + H + He - 6.185eV

where the H+ and H2+ fragments have been measured. Fig.l

shows the results of our measurement where the relative

cross sections for the two channels have been plotted

against ion kinetic energy. It can be seen that the H3+

ions have less than 0.5eV of internal energy.

Later, measurements of the dissociative recombina-

tion of H+ will be performed using this ion source in
*i" conjunction with the Merged Electron Ion Beam Experiment, -

(MEIBE) at UWO.

Reference

i. Leu, M.T., Biondi, M.A. & Johnson, R. Phys. Rev. A8.
413, 1973.

2. Peart, B. and Dolder, K.T, J. Phys. B7, 1948.
3. Auerbach, 0., Cacak, R., Caudano, R.. Gai ,, T.D..

Keyser, C.J., McGowan, J. Wm., Mitchell, .B.A. and
Wilk, S.F.J. J. Phys. B1O, 3797, 1977.

4. Mathur, D., Hasted, JB. and Khan, S.C. .1 Phys. B12.
2043, 1979.
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THE SELF-CONSISTENT TIME-DEPENDENT, HARTREE-FOCK METHOD OF MOLECULE-ION COLLISIONS: THEORY AND APPLICATION ; w

Detlev H. Tiszauer

Oept. of Applied Science, University of California, Davis, California

A film of the time development of the electron Finally, some of the computational problems of the
density during a colinear reactive collision of H* coupled TDHF method as applied to low energy reactive

on H2 at i scattering energy of 3eV is presented. molecular collisions are discussed, along with the

This time dependent density was produced by the potentials of this method for treating more complex -

numerical integration of a fully self-consistent set molecular collision systems.

of Time Dependent Hartree Fock (TDHF) equations for ,*

the electrons and classical equations for the nuclei. Reference 4 ... Z

(1) The inherent approximations in this method are (1) D. Tiszauer and K.C. Kulander, Phys. Rev. A, .

discussed in comparison to the full quantum solution 29, 2909 (1984).
H+

of the colinear H on H2 collision, and a comparison (2) David A. Micha, J. Chem. Phys., 78, 7138 (1983). .-

is made to an Eikonal self-consistent time dependent"-- ~~(2) "--='
scheme.

. . . . . .. . .. - .
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ANALYSIS OF DISTORTED-WAVE AND COUPLED-CHANNEL-WAVE TRANSITION AMPLITUDES •

S.H. Suck Salk

Department of Physics and Graduate Center for Cloud Physics Research
University of Missouri-Rolla, Rolla, Missouri 65401

.'b (4a.)

~'.'. =

Recently perturbation methods have become highly study~
4
b) of H reactive system based on a method..'

3 (6) od
4~promising for studying rearrangement collisions qualitatively similar to our CCBA method

(6 ) 
indicates the k '

(reactive scattering) involving atom-diatomic-molecule correctness of this claim.-- .

" systems. The single-step (single-channel) DWBA(l) has The second Born term in the distorted-wave

*shown a good predictive power for relative (not transition amplitude is shown to contain the effects of

absolute) angular distributions
(2) 

and relative coupling to both the intermediate arrangement channels

cross-sections 
(3). 

A coupled-channel-wave perturbation and inelastic channels. Thus it is possible that

method
(4 ) 

has demonstrated a remarkable success even in consideration of only the first and second Born terms in -2o

the prediction of absolute cross-sections close to the the distorted-wave representation is sufficient for

quality of the exact close-coupling calculations
(
5
) 
up reliable cross-sections in the reactions which involve

to a moderately high collision energy, either weak or strong coupling to intermediate

Studies have often centered on computational arrangement channels, although they are less complete

analysis. A comparative study of making distinctions compared to the first two terms that appear in the

between perturbation methods has not yet appeared. In coupled-channel-wave representation. Since the distorted

anticipation of greater use for the perturbation wave calculations are much simpler, such consideration is

methods based on both the distorted-wave and highly desirable. However the coupled-channel-wave

coupled-channel-wave representations, in the present transition amplitude which includes up to the second Born

study we will place emphasis on the analytic analysis term is expected to yield accurate results close to the

of the diotorted-wave and coupled-channel-wave quality of the exact close-coupling calculations in many

transition amplitudes beyond and including the first elementary direct reaction processes.

Born approximations, DWBA and CCBA and make a Comparative studies of the distorted-wave and

comparative study of the two perturbation methods. In coupled-channel-wave perturbation methods will be of

addition, a formal description of reactive resonance great value for detailed understanding of microphysical

scattering will be presented. Some of the important direct reaction mechanisms. For example, the difference . "*

observations obtained from the present study are between the CCBA and DWBA results will reveal the

summarized below. knowledge of the effects of coupling to inelastic

For the absolute magnitude predictions of angular channels before and after the reaction. Finally it is

distributions and cross-sections, not only the hoped that our present analytic study of the transition

conventional DWBA but variants such as the 'perturbed amplitudes in the two different waves representation will

molecular DWBA' method should not be used for not only improve the discriminatory understanding of the

rearrangement collisions in which the contribution of two important perturbation methods but serve as a guide

intermediate inelasic channels is not negligible. Any for their effective treatments. 4

claim that the perturbed molecular DWBA method
REFERENCESaccurately predicts absolute cross-sections is not

soundly based, since this method cannot guarantee that I. S.H. Suck Salk, Phys. Rev. Al, 1893 (1977).

it correctly accounts for the effects of coupling to 2. S.H. Suck Salk, and R.W. Emmons, Phys. Rev. A24, 129 -..... -
(1981).

the intermediate inelastic channels which correspond to 3. S.1. Suck Salk, and C.K. Lutrus, J. Chem. Phys.
the higher order Born terms, submitted.

4.a)L..M. Hubbard, S.i4. Shi, and W.N. Miller, J. Chem."-..-''.. -. "
The first Born term or CCBA transition amplitude Phy. 78 , 2381 (1983);

in the coupled-channel-wave representation will yield b)G.C. Schatz, L.M. Hubbard, P.S. Dardi, and W.H.
Miller, Ibid, 81, 231 (1984).

accurate absolute cross-sections for rearrangement ilr Ibd8123(94)
5. G.C. Schatz, an-d A. Kuppermann, 1. Chem. Phys. 65,

collisions in which coupling to intermediate 4668 (1976); ibid, 65, 4642 (1976).

arrangement channels is weak. Indeed, a recent 6. S.M. Suck Salk, Phys.Rev. A27, 187 (1983).
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A SEMICLASSICAL THEORY IN PHASE SPACE FOR MOLECULAR PROCESSES: -- '-.. .
SCATTERING MATRIX AS A SPECIAL CASE OF DYNAMICAL CHARACTERISTIC FUNCTION . .

Kazuo Takatsuka and Hiroki Nakamura

Division of Theoretical Studies, Institute for Molecular Science, Okazaki 444, Japan

I. Introduction 0 (t)= 0(t)/m, Z(tW_ - VI (nO (t)), (3)

Our primary aim in this study is to present a new where m is the mass.

phase-space semiclassical theory to describe chemically Then we can show
2 

that the semiclassical approximation *°'! ' ,.

reactive scattering and intramolecular dynamics. One tc the equation of motion for the DCF is

of the difficulties inherent to dealing with wave func-

tions and propagators for chemical reactions is t 12 0 0 TI20 0

- associated with their rapid oscillations. In case of x a1 2(n,E;n 0 (t),E t);t) (4)

a multidimensional problem, it is extremely difficult where D/Dt indicates the classical Liouville operator,

to extract the scattering (S-) matrix directly from which in turn leads to classical equations of motion on

such an oscillating wave function. Here we consider the potential V 2 '

a time-dependent phase space function which gives : = /m , Z = -V;(n). (5)

directly the S-matrix at t(time)
=
-. This function, L (q,p) in Eq. (4) means the Lagrangian

called a dynamical characteristic function (DCF), is Li (q,p) = p /2m - V (q) • (6)

regarded as a simple generalization of the S-matrix. Equation (4) can be integrated exactly to give

The DCF extends also the concepts of phase space dis- a 2(n(t) , (t) ;)0(t),o(t);t). .

tribution function and of phase space path integrals,= exp[(-S I(' (t) , " -(0)-S 2

being defined on twin phase spaces, with each of which a1 2 (n(0) ,1(02 00(0),0 (0);0) (7)

a Hamiltonian is associated. "'1
II. Theory where Si.s (i=1,2) are the action integrals taken along

For two given wave functions l1 (q,t)=<q1 the classical trajectories defined above. Thus the DCF

exp[-iHI t^ ]i1 I(0)> and i2(q,t)=<qlexp[-iH2t^1 I¢2(0)>, is propagated as a path integral in the twin phase

where the Hamiltonians H1 and H2 may have different spaces.

• potential functions V1 and V2 , respectively, a DCF is If a DCF is constructed from the rapidly

1,2
defined as oscillating wave functions of the form . -

a ( ,C; 0 (t), 0 (t);t)=fdqs1 (q+ 0 (t),t)9 2  (q+r,t) R (q R exp[ _F5 1 (8)"
exp[lq{- 0(t) i/fl . (1) 1.. (8)

The set of the independent variables (r,) and the where S i s an action integral and Ri is a slowly

time-dependent variables (n0 (t)' 0 (t)), the explicit varying function of q, then the error due to the

functional forms of which will be determined later, semiclassical approximation can be shown to be very
Small. 

2  
In fact, the magnitude of the error terms is

constitutes two phase spaces. The DCF thus defined has sag or
a very interesting characteristic; if it happens that expected to be smaller than that of the DCF itself by

(t)=, and 7.0(t)=:, then a1 2 equals the overlap one order of c. b [ ['int"integral between l (q,t( and #22 (q,t). The S-matrix of Eq•(2) can be expr' 1sed in terms $.i t g a be w e ;1 q t an 2 q t of the semiclassical DCF thus constructed from the . •

Here it should be noted that the S-matrix itself is

also an overlap integral, viz., oscillatory wave functions. The time evolution of this

-iH t/h -iHt/h DCF is actually made by running the two kinds of

Slim
<
e f e ti

>  
(2) classical trajectories (n0 (t)' 0 (t)) [Eq.(3)) and

where Hf(iNt) is the Hamitonian for an exit channel ((t) ,&(t)) (Eq.(5)) which coincide with each other at
and H(iH 

) is the full scattering Hamiltonian. In t=-. The propagation of the wave functions is not (
Eq.(2), the origin of time is taken practically at the necessary.

remote past. Thus the S-matrix, more rigorously the

S-matrix in a wave packet representation, can be References

regarded as a special case of DCF. 1. K. Takatsuka and P. Nakamura, J. Chem. Phys. 82,

March (1985).
Suppose that n0)t) a o(t) satisfy classical 2. K. Takatsuka and H. Nakamura, to be published.

equations of motion on the potential VI,

. .. . . . . . .
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COMPARISON BETWEEN APPROXIMATE (PERTURBATION) AND EXACT (CLOSE-CC'"PLING) THREE-DIMENSIONAL
QUANTAL CALCULATIONS, ORIENTATION OF TRANSFERED ANGULAR MOMENTUMh PROJECTION.

C. K. Lutrus, C. R. Klein, and S. H. Suck Salk

University of Missouri-Rolla, Missouri 65401 USA

Direct comparison between the single-step DWBAI and Comparison using the DWBA are made on the orientation

exact close-coupling calculations is made by examining of the transfered angular momentum projection for the

reactive scattering angular distribution of H + H2 - H2 + H. direct reactions of H + H2 - H2 + H and H + D 2 -* HD + D.

We find that despite the fact of coupling strongly affects From the knowledge of favored transfered angular momentum

the absolute magnitude of cross sections, and its projection, we find that the dominant geometric

(1) the structures of the angular distributions remain configuration is well understood. It is found that the

agreeable withi exact close-coupling results; cross sections exhibit dominance of th. largest transfered

(2) the difference between the DWBA predicted state-to- angular momentum and of the projection quantum number of

state integrated (total) cross section and the exact the transfered angular momentum m = 0. Details of, and .. -

close-coupling results increases with collision diferences between, the two reactions will be examined.

energy; Reference

(3) the peak position of reaction probability and the I.S. ;. Suck Salk, Phys. Rev. A 15, 1893 (1977) "

range of impact parameters are two of the most 2. G. C. Schatz and A. Kuppermann, J. Chem. Phys. 65,

important factors in shaping the angular distribution. 4668 (1976) .• ...

... . ..... . .. .



F120 605

COUPLING SCHEMES AND DECOUPLING APPROXIMATIONS
FOR INELASTIC AND REACTIVE COLLISIONS

V. Aquilanti, S. Cavalli and G. Grossi
Dipartimento di Chimica dell'Universit&, 06100 Perugia, Italy

The mapping of three-body interactions onto hyper- be solved, and its investigation has provided interesting ....

spheres allows to treat in a unified manner both inela- results on kinematic, resonance and interference effects
2

stic and reactive collisions, and to develop a consistent its extension to the full three-dimensional case is

framework for the interpretation of molecular beams nontrivial.

experiments of increasing sophistication. Recent results Progress along this line include: . -

along these lines include the elucidation of a number of i) a systematic characterization of properties of

relatively simple problems of restricted dimensionality alternative coordinates;

(such as the collinear A + BC chemical reaction) and

model potentials (such as the physical pendulum and the ii) the development of the coupling approximations by

HNnon-Heiles potential) of interest for the description individuation of approximately conserved quantum numbers

of intramolecular mode transitions. 3 These techniques are (see Ref. 7 for an example restricted to Coulomb three-

now being extended to treat problems of increasing body interactions);

complexity. iii) the implementation of discrete angular representat-

I. COUPLING SCHEMES ions
5 
in this context;

The usefulness of developing alternative coupling iv) the assessment of relative merits of approximations

schemes in the treatment of atom-atom collisions has been of classical or semiclassical type.

4
demonstrated, in a number of previous investigations: REFERENCES

they allow a physically motivated description of experi- 1. V. Aquilanti, G. Grossi and A. Lagana, J. Chem. Phys.

effects and a framework for efficient decoupling 76, 1587 (1982); Chem. Phys. Letters 93, 174 (1982);
ental e sG. Grossi, J. Chem. Phys. 81, 3355 (1984).

2pproximations. 2. V. Aquilanti, S. Cavalli and A. Laganh, Chem. Phys.

Their extension to atom-molecule interaction is made Letters 93, 179 (1982); V. Aquilanti, S. Cavalli,
G. Grossi and A. LaganA, J. 14ol. Structure 93, 319

possible by the introduction of a discretization procedure, (1983); ibid. 107, 95 (1984) ; Hyperfine Interact. 16,73 (1984 . ""
which is based upon the theory of representation for the 3. V.ao5 3. V. Aquilanti, S. Cavalli and G. Grossi, in 'Chaotic -- " '.".

higher rotation groups. The technique allows the close- Behaviour in Quantum Systems", G. Casati ed., Plenum %
coupling expansion over complete and orthonormal sets Press, N. Y. (1984); Chem. Phys. Letters 110, 43 (1984);in "Fundamental Processes in Atomic Collision Physics",
which have very convenient convergence properties, supe- H. Kleinpoppen ed., Plenum Press, N. Y. (1985).

rior to the usual ones expecially when the interactions 4. V. Aquilanti and G. Grossi, 3. Chein Phys. 73, 1165
(1980); V. Aquilanti, P. Casavecchia, G. Grossi and

are strong. A. Lagan&, J. Chem. Phys. 73, 1173 (1980); V. Aquilanti,

G. Grossi and A. LaganA, Nuovo Cim. 63B, 7 (1981);
II. THE ROLE OF ROTATIONS IN MOLECULAR COLLISIONS V. Aquilanti, G. Grossi and F. Pirani, in Electronic

and Atomic Collisions, J. Eichler et al. eds., Elsevier
An analysis of alternative coupling schemes for (1984).

atom-molecule collisions is presented, with particular 5. V. Aquilanti and G. Grossi, Lettere al Nuovo Cim., inpress.

reference being made to recent experimental results from 6. P. Casavecchia, A. LaganA and G. G. Volpi, Chem. Phys.
6 Letters 112, 445 (1984). .

our and other laboratories. The regions of validity of Leter 112, 44 G A,8d"
7. V. Aquila nti, G. Grossi, A. LaganA, E. Pelikan and

the various diabatic representations are assessed, an H. Klar, Lettere al Nuovo Cim. 41, 541 (1984).

adiabatic approximation is introduced and the role of

ridges in the potential for nonadiabatic effects is indi-

viduated: the analogy with similar effects in other con-

texts is stressed. In particular, the usefulness of the

discrete angular representations
5 
is demonstrated.

III. DECOUPLING APPROXIMATIONS FOR ELEMENTARY CHEMICAL
REACTIONS

The theory of elementary chemical reactions can be

effectively formulated as a three-body collision problem

in hyperspherical coordinates. Although the problem to
restricted to collisions on a line is relatively easy to. :-"_ °..-,"

-%. . .
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ASSOCIATION/DISSOCIATION IN DENSE GASES , .

M. R. Flannery

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA

1 cr- r r
A comprehensive theory is developed for the time-

dependent relaxation of some initial non-equilibrium %.-.§s .

distribution of (dissociated or molecular) subsystems

AB towards eventual equilibrium with a gas M via the

association/dissociation processes,

A + B + M AB + M.

Various sets of Master Equations for the evolution

of the two particle distribution function of subsystem ," -,

(A-B) are derived in terms of the internal energy E, - -

internal angular momentum L and internal separation R of

AB via streaming and collisions with the heat bath M.

Expressions are obtained for the overall macro-

scopic rates I'D(t) at time t of association (A) and

of dissociation (D) in terms of collision kernals and of

the net probability pAD of collisional association (A)

or dissociation (D) of molecules AB(vi) in bound vibra-

tional levels vi. ' _

The theory naturally leads to derivation of a new

Variational Principle which states that the probabilitiespA,D IAD
are such that the macroscopic rates RA.D(t) at any

time t are extrema. If the overall direction is associa-

tion, then R(t) is minimum and RD(t) is maximum and the

time evolution towards equilibrium is hindered. This

Principle permits an alternative procedure to direct

solution of the Master Equations - a set of coupled . .

integro-differential equations - by the direct search . -.

for extrema in the rates R A'Dt). These extrema are then

the required rates for the process. Accurate trial solu-

tions, based on weak-collision approximations, have in

general been derived and these converge very rapidly

onto the exact numerical results.

This Variational Principle is shown to be the full

generalization of the so-called "bottleneck" method

which seeks a minimum (located at the bottleneck) to

the one-way equilibrium rate, useful in the absence of

any knowledge of the above probabilities PAD.

This research is supported by AFOSR Grant No.

AFOSR-84-0233.
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THRESHOLD FRAGMENTATION OF THE THREE -BODY SYSTEMS:

THE CLASSICAL THEORY

N. Simonovi6 and P. Gruji6

Institute of Physics, P.O. Box 57, 11000 Belgrade, Yugoslavia

- ..W

The theory previously developed to describe the which in our case r~ead

near-threshold behaviour of the double-escape functionsE ek t).BR e t(1)-
for the system with an ion, electrons and positrons in 'ij 21

the final channel, 12has been generalized to the class

of the inverse power law potentials, with arbitrary mas- with 0 a real parameter. If we confine ourselves to Akt "
*ses of the outgoing particles. This allows the dis- the analytically tractable case: Bz C (symmetric conf.)

*sociation cross section behaviour just above the brea- we have:$ 8 -1, 0 'z8 =l and v in the equation (7) ap-

kup threshold to be estimated as function of the to- pears imaginary for k < 19: v =-4f. Then the dissocia-

tal energy. We consider the onedimensional final-state tion cross section behaves for E - 0 as

configuration of the process

hee (ABC)*- A + B + C (1) a -E", X=Y a U).y /k i)Ik

whr h n denotes an intermediate excited complex We quote some of the results for the typical cases.

*of three atoms, which may correspond to a number of TeCuobitrcin ~
initial channels. We apply the generalized Wannier

classical theory to deduce the exponent in the thres- 1i 2~m V C12 C13 = 23=u., 1u

hol la (Z~l) 1.127 (Wanniercae

E< t () (ii) H+H 2H e x = 69.74

wn- E sn. the tnreshoi -nergy of the dissociation

ofth nitial system, with the final-state interac- These results have been obtained previously by Klar, b

ton at 7a.-w, i~t-at-ic sera-aticons V .We shall his WKB thenrv.

I- k R-1 3 van der Waas interaction: k=6 r. ,

1'j~U inW m2>> a -Ml = (Wigner case)

ics-Jt ourselvos to trte ianp case. w~ith the total (ii) A zB X =1~.526

agular momentum L_0. W-itmn sop Fig.! iI~. Cases with k=2,3 shall be considered too

?.~ .. FP-BP f' (41

ono ottains from tno Ne wtnr oquatonrs fo- the small 2 13
native deviationz

P ci 1 1 2 7 -- ritay(

constantsA

6 ,.U-av *r-av 6
SP C F(6

4 FIGURE 1. The final-state configuration.

This work has been supported by RZN of Serbia.
k-2 k.2

sRef erences

k~ ) m m.m m(1-8)][C, C 1 k.2-S I . Vinkains and M. Gailitis, Latv. Acad. Sci.
k k)m2 23 1+2P a 16 Rep. No 4(Zinatne, Rigs, 1967)

2 M5 m+m m (I- * .12'43 1-)P ruji6, J. Phys. 815 , 1913 (1982).
3 
H. Klar, Z. Phys. A, 307, 75 (1982) *

k+l l

The correlation parameters B are obtained in the
2

standard way. We make use of the scalirg laws,

.~~~ .. . . .. .*. *.. .. . . ......

-. . . . . . .. . . . . . . . . . . . . . . .
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SYM4ETRY PROPERTIES OF 3-FEBM:?N; ZYS'::s I- T',C :?E_:iTTCAL -AR-T:MLES i

Shen Hengyi, Birte Thris7tenser.-Dalsar an sr vey.b

Kemisk tLatoratorium 1V H' Zrsel In-titute >
DK-21C0 Cosenhagen ,Dernmark

:n this paper, the hyperspherical - + 5- -- ' -

crdinate method is used to study three- 5 -)T ( I +
2 L md -

Ferm:sn systems in which two particles are

idn.,t1 n he third different, extending whtfre m - ' mc 1Cm + 7,r is the mac- sf cChe

earlier s-tudies by Bu.rden.- :n 1i ,*the third dn -a!particec an r% zne mass:2 h

d, "r'-rt- Larticle I , ~'"cearly
zr t csle is mucoh heac.er that tic' tw- sdent~osl ln:--0

+ X. x'b Li,: tE,
ar icles, whrear. in H the opp-csste strule

2 so that h -ryA
'-ever, from th e n andpFoin* t h, nn -nr;in7:;oto -5"

syitmret ry group _f the Fa-.iltonian ' H a-,.. ma1 n n7 . ... .

are 'he same, lWe carn theref -re r-ta--i-. - .

correlat~cn liazrort rerrec ent~r a . :...-. u..o -. - .._. -*

.. .. .. .. to %hre-'e" 1~ ,r, 10 . 1 b

masn a the as-a. vArlr aainf th.

uh -e a',mer alabels...... ar ..:rv

b ~ ~ l ~g th thegie dndpedet-arsc e ro. an

b2 B-tir n2 pen emer a pr oxsmea po. m :, '.rr c the %chd-g r} i" -

iKellman. have pointed ou;t, -crrlt* inn of

e'ectronss! wave function in an at.

rdos es a molec!ule-like "structure". Thus the
1. :-.. Brden , J. Phyc.1 ' -q(:-

a mied sttsof ( for exampi.") hetium h as'elen n - 'I

fturec which are similar ts he vitretisra.7, (9

ntates o C a linear tri atninis_ : - .

versely, when a molQcule has su ffi--

br-at isnia energy,' ?-v -"-a war

bon delocalssed a,.d, as. .,:oFuet-Figgins ho
hed 'oo ib n-o

lger appropriate for thqnalysis of the p

s.etrum. The ;In rp s f thE, p~rse'-" saner.

tost,;u..y which feat.ures of the eigjenf,.nc'1e

reain constant an-, which change in a trn:tn

atom to nt A ' t h as-o' -

a moot hly-vanrying paramter.

In t.he res'-nt w-rk we useMe .. (2,m

r~ di,2t

as swn in the, figure. A-er n'pr
(3, M6)

center of mass moti:on, we obtainth

* Hamiltonian

. ... 
. . .

-~ ~~~~ or%.. ...- ....
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THREE PARTICLE BOUND STATES

Joseph flacek

Behlen Laboratory of Physics, University of Nebraska, Lincoln, NE
68588-0111 USA . -

Efi nov slowed trnat three bosons, all 8(R) for three particles interacting through

interacting through snort ranae forces of a square well potentials was calculated for large

strength such that two alone form a zero energy R. The preliminary result of these calculations

bound state, exhibit an energy spectra with an is 8(R) = -4.75 + O(1/R). Since S= -4.75 gives - -

infinite number of bound states. This was a more attractive potential than the critical

demonstrated by separating the three particle value of = -4.25, the approximate potential"-

Schrodinger equation for zero range potentials 8(R)/R 2 supports an infinite number of bound

in hyperspherical coordinates (R,2) and showing states.

that the hyper-radial equation incorporated an Support for this research by the National

effective potential -/R2 with = - 5. Since Science foundation under grant number PHY81-07147

an infinite number of bound states exist when is gratefully acknowledged.

- 4.25 it follows that there is an infinite References

number of three particle states bound in the 1. V.N. Efimov, Yad. Fiz. 10, 107 (1969).
[English Translation: Soviet J. of Nuc. Phys.

effective hyper-radial potential. When non- 12, 589 (1971].

zero range potentials of range b are present, 2. J. Macek, J. Phys. B 1, 831 (1968).

the effective hyper-radial potential -5/R
2

* holds only asymptotically.

Extension of this result to obtain an

effective potential valid, at least approximately,

for all hyper-radii is accomplished by employing

the hyperspherical adiabatic approximation2 . In

this approximation the three particle wave func-

tion I has the form,

(R; 2)F F(R)

where (R;l) is an adiabatic hyperspherical

function. It is not necessary to obtain X(R;Q)

exactly, rather an upper bound to the effective

potential is obtained by using a variational

function for ^(R, .). One then obtains an

effective potential 8 (R)/R for any type of

potential at any R.

To test the reliability of this approxima-

tion with relatively simple trial functions,

: - : -:..:..::.: .;: -,. .. .. i. ! ;! ii . .*. . .i~ . .... ""...: : 7::::":

~~..-.... ... ,--,--......,--..... ... ,. •,.......,...-,... ..... ,-..,.' ... .. ,--,,-,--- ----.-
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"PSEUDO - MODEL" FOR Ba
+ 

ION APPLICATION TO BaX MOLECULAR POTENTIALS WITH X H, Li, Na, K, Rb, Ba.

A. VALANCE , A. BERNIER AND H. BERGERON+

+ LURE, Universit6 de Paris-Sud, Bat. 209 C, 91405 ORSAY Cddex FRANCE

• Service de Physique des Atomes et des Surfaces, CEA, CEN, SACLAY FRANCE

Barium vapor is extensively studied both in laser We note also, for immediate R values, two well-depths

experiments and in collision experiments, of 0.1 eV at R%9.2 a.u. and 0.25 eV at RIL15 a.u. for the

Firstly, we determine a potential model for Ba ion states correlated, for R"- -, to H+Ba
+
(6s) and H+Ba

+
(6p)

describing the active electron interaction with the Ba states respectively.

ion core. This work was partially supported by the Service de

Secondly, we calculate the adiabatic potential Physique des Atomes et Surfaces du C.E.N. SACLAY GIF sur

energies of (BaH)
+ +

, (Ba Li)*, (Ba Na) , (Ba K)'
+
, YVETTE FRANCE.

+4 3+
* (Ba Rb)

+ + 
and Ba 2  molecular ions. +

In the model determination of Ba , the difficulty Table 1 Ba spectroscopic energies (eV.)

lies in the fact that the 5d excited state is located State 6s 5d 6p 7s 6d 4f 8s

between the 6s ground state and the 6p excited state Energy (eV) -10 -9.34 -7.39 -4.75 -4.3 -4.01 -2.8 . w

(see Table 1).

The main purpose of this abstract is to obtain the Table 2 (Ba
4
-e) interaction V = -2/r-1.26 exp(-0.3r)

simplest description of Ba
+ 
while retaining a reasonable Experimental Pseudo-model Energies (a.u.)

degree of accuracy. states states Calculated Experim.

Usually in this situation we have to choose between 4s Is - 4.9519 Core State ?

an "I" dependent pseudo-potential and a model-potential 5s 2s - 1.0289 Core State ?

including core states. We propose, here, a "PSEUDO-MODEL 5p 2p - 1.016 Core State ?

POTENTIAL" which involves the association of an "I" in- 6s 3s - 0.3676 - 0.3676

dependent pseudo-potential and a model-potential with 5d 31 - 0.3432 - 0.3432

reduced number of core states. 5p 3p+4p - 0.265 - 0.2701

fhe Ba -e interaction is represented by s, - O.1/a, - U.1746
i) An Hellmann type potential 6d 4d - 0.1626 - 0.1577 ". -

V = Z/r + A exp (-2Kr)/r 4f 4f - 0.1505 - 0.1471

with 2 adjustables parameters : A and K 8s 5s - 0.1025 - 0.1032 -. "

ii) 3 hydrogenlike core-states (Is, 2s, 
2
p) 

7
p 5p - 0.1002 - , .? " -

iii) 2 hydrogenlike pseudo-valence states (3p, 3d) 7d 5d - 0.0959 - 0.0949

reproducing exactly the ground and the first excited

states (see Table 2).

iiii) A linear combination (13p>+ 4p>) of hydrogenlike

pseudo-valence states to reproduce better than 2% the I0- ADIABATI StsES

experimental 6p energy state. The results are -eported 9-.
in Table 2. -D SeV SMALL BsARRE

The "pseudo-model potential" parameters (A, K) and
the exponential coefficient "tn,1wave functions are Be - 6Pi

*obtained by a variational procedure so as to yield the 6

observed values E6s, E5d and E6p for the 6s, 5d and 6p S- 0.01tv 5.Ii.

states of the Ba
+
. To obtain the good experimental 

6
p I/Q AsYPp'oT - Bi C',

" BEHvICR - I 26,v:
energy, we need a linear combination (1/16( 3p>+ 4p>) - 13 6

pseudo-states, when the separated contributions of .

theses states are -0.3595 and -0.1711 a.u. .- - .. -s ,.

Finally the calculated E potential curves for the .

double ionized ion (Ba H)
+ + 

are plotted on figure.

For the ground Z state H(Is)Ba
+
+ we predict a well 

_

depth of (1.46 eV at 5 a.u.). * Present address: Laboratoiri (it liv'sique Ouintiquvr

We note the slow decreasing behaviour (1/R) for the Cniversit6 Paul Sabatier, I18 rut dc N rbonni, 3T062

H+ Ba+(n,l) type states. TOULOUSE Ctldex

• .,.... .
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FINE-STRUCTURE EXCITATION IN ION-ION COLLISIONS

R. S. Walling'i and J. C. Weisheit*

*Physics Department, Lawrence Livermore National Laboratory, Livermore, CA 94550 USA
*Department of Applied Science, University of California at Davis, Livermore, CA 94550 USA

Proton impact collisions can be an important

mechanism for inducing transitions among closely spaced

energy levels in a plasma ion. This process was ,

investigated by Seaton
t  

for the case of a quadrupole 'ID

transition in Fe+3 Within the semi-classical

approximation, Seaton calculated the excitation

probability using a modification of first order -

perturbation theory.
4/5

We have used standard formulae for Coulomb --I
-7

- .

2
excitation to generalize the method of Seaton to A ...... .
provide a numerically fast calculation of ion-induced b" 2transitions in an arbitrary target ion. The

transitions can correspond to dipole, quadrupole, or

higher order multipolarity. The projectile ion can be

multiply charged, but is assumed to be structureless.

In this poster, we discuss how cross sections and / 1
thermal rate coefficients depend on certain important 110 O' . "

parameters, including the ionic charges of the target

and projectile ions, the closeness of the level Temperature (ev"
spacing, the ionic line strength for the analogous

radiative transition, and the multipolarity of the Fig. 1 Ar+ 1(2P-/ 2s /2) excitation rate coefficient.

transition.

. For examples we chose target ions from the

, hydrogen-like, helium-like, and neon-like isoelectronic

sequences. These ions allow us to examine the relative

* importance of ion-ion versus electron-ion collisional This work was performed under the auspices of the

mixing of excited levels. The accuracy of the method U, S. Department of Energy by the Lawrence Livermore

is assessed by comparing our estimates of cross National Laboratory under contract number W-7405-ENG-48.

* sections and rate coefficients with more elaborate

calculations. Figure I displays thermal rate coeffi- References

* cients <ov> we computed for the excita :-n of the i. M. J. Seaton, Mon. Not. R. Astron. Soc. 127, 191
+17

- 2s1 /2  transition in Ar+, as induced by (1964).
+2 

n  
18

protons (I), He ions (2), and Ar ions (18) in 2. L. C. Biedenharn and P. J. Brussard, Coulomb

a plasma of temperature T; crosses represent the close Excitation (Clarendon Press, Oxford, 1965), Ch. 2.

3
coupling results of Zygelman and Dalgarno , for the 3. B. Zygelman and A. Dalgarno, private communication,

case of pr,'on impact. The excitation energy is M = 1985.

0.161 eV.
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AB INITIO STUIIl 9i L D_. i'- 9%iD a-ua' L..LL I EC i

I.L. Cooper,' 4.S. DlCvin~on,t and S.K. Su.r' r

D iepartmnent of Physical Chemistry, The university, Neucastle upon Tyne, 1t1l 7RU, L.-,.
tSchool of Physics, The University, Newcastle upon Tyne, NI 7RU, U.K.

Current interest in collisions between heavy,

homonuclear ions originates from their importance 4 TrT
n0 heavy-ion fusion studies. Th deinL h

storage rings for intense ion beams of GeVl energiesLOi2
critically depends on the cross sections for charge- CS +i~~
transfer collisions between the constituent ions of LS 41IN

9. -

the bear. Singly ioniseoi alkali atoms with their L
..icspd cuter shells are the obvious choices. Wihereas LU

LU
C3 has attracted the most interest becsuse of i ts > 15 -.

ease c" production, a series of measurements forl Rb',
K La', and Li' also have been available2 for some c

tl-e, providing the scope for a systematic evolution 0.S

c" the theory from simple to increasingly complex+

systems. However, relatively few theoretical studies 3.0. 0. .4 06.
have been undertaken so far on these systems.

Slow collisions between atomic systems can be INTERNUCLEAR DISTANCE (.0)

Studied using the m~ethod of perturbed stationary states

accdrding to which electronic transitions are associa- sgtrte1Potential Curves for Li g ~ tts SSae

ted -with the close approach of the potential energy -~ 2

curses of the ousisi-molecule formed by the colliding For Nja 2+, the molecular states at large end mall

we have undertaken ab initio studies of some ths ofL2 h ai ~iato ehns h~ e

proceeds thro..h Oi Drmction of the _fc II, a--- for
of the above ilentical alkali-ion systems. Potential

cirves far Li,+ and %a ++have been obtained by th s-ltcnL yte -'.
2

configuration interaction (Cl) calculations using Furtner sia3rilication of the escitacian and charge-

the 1fRPO package. The molecular orbitals used as transfer prcesses zsan be obtained frc~m a knowledge

input to the CT calculations are obtained fro, self- of the saisradial -3n- rotational coolings. Calcu- j

consistent-field Hartree-Fock calculations with the lations, fcc theSe are no. in progres: anc will be

5AMESS package. r ecOrted at 're -c 3 j,- .

For Li2
4  

, the C1 excitation energies of the Tnis .o
5

i upr'

lowest four Eg and four Rg states studiied are within an2 Eoginer- e.2

. of the spectroscopic values, while for Laj uewferenc07

the difference is slightly less than 35-

The Potential curves for Li 2+a t Small P snoso in a 1

figure 1 are conveniently plotted relative to the gro~nd
1+ t '

stt.The basic evcitat'an mechanism is the pro-

-c-icn of the",) 'OU, as for the isoelectonlz y~teC

mu Ti~ ea .. to a degeneracy o n .

Ca, ra~~se f the p State' S .-

m a ,n a o fa d i h a n

rosing and e.-i .. 1 1n

arise, fr ca cr 1jr btweer, the diabatic.

/pc ffJ
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CHARGE TRANSFER AND IONISATION IN COLLISIONS OF PROTNS iITH Al*. Ga
+ , In AND TI

+ 
IONS %

X F Dunn, M F Watts, G C Angel and H B Gilbody '. ,

Department of Pure and Applied Physics, The Queen's University of Belfast, • '

Belfast, United Kingdom %'

In previous work in this laboratory (see review
1
)

we have studied charge transfer and ionisation in

• .collisions between positive ions at keV energies by the

use of an intersecting beam technique. - % V .

In the present work, we have measured cross -

Sections { 2+) for X2+ production from the combined E

processes of charge transfer (with cross section cc) - I 5

H
+  

+ X
+ 

-H ( + X
2+ 2) ___ _ _ _ _

end ionisation (with cross section o i l _

""H
+  

+ X
+  

H4 + X22 + e (2)

% ~~C M ENERGY (k9V1 ''"•."i

for the target ions Al'
, 
Ga

+
. In+ and TI

+
.

An understanding of reactions of this type is Figure I Cross section 0(12+) for X2+ formation in H.N relevant to particle loss and plasma cooling in Tokamak + X
+ 

collisions.

- devices through collisions with impurities. A 0 TI A In I Ga 0 Al

* -knowledge of such cross sections is also required for

plasma diagnostics using heavy ion beam probes. The electrons. A simple classical scaling relation
7 

has

present study with ions of the Group I1 B elements has previously been successfully applied to ionitation of

been designed to explore the extent to which measured light ions by H
+ 

impact. A modification of this

cross sections relate to other relevant data and to relationship to take account of inner shell

simple scaling relations. contributions yields a universal scaling law of the
-. Measurements have been carried out at c.m. form

energies within the range 60-580 keV. In each case, ,

N 2N
the target ions were produced from a thermionic source oi=R

2
Z i i ni/u"

thereby ensuring that only ground state species were

present. where R is the Rydberg constant, Zp is the projectile

At the lower impact energies, charge transfer charge, ui is the tonisation energy of the electrons in

process (1) is expected to provide the main the ith subshell and n i is the number of such

contribution to our measured values of a(X
2

). electrons, This simple expression is shown to give

Comparison is made with theoretical values
2 

for H+-Tl
+  

reasonable agreement, to within a factor of 2 with our

and, in the case of H+-AI
+ 

collisions with cross experimental values of G(X2+).

sections
3 

for the inverse charge transfer process

References

A1
2

4 H - Al
+  

+ H+ (3) 1. H B Gilbody. Physics of Electronic and Atomic
Collisions (S Datz, Editor). N Holland. 223
(1982).

* assuming that initial and product excited states are 2. R A Mapleton, M F Schneeburger and C A Steele.

not greatly different. Direct measurements of oc are USAF report AF-CRL-TR-75-0053 (1975).
also being carried out by counting the X2* products in 3. M A Lennon, PhD thesis, Queen's University of
asbi caidubcotnte2pousiBelfast (1983).

concidence with the H atoms formed from (1) in the same 4. R G Montague and M F A Harrison. J Phys B 16 3045
(1983). ." .

events. 5. W T Rodgers. G Stefani, R Carnilloni, G H Dunn. A Z

At the higher energies, where ionisation provides Msezane and R $ W Henry, Phys Rev =. 737 (1982).
tour measured cross sections for 6. T F Devine, R K Feeney. V E Sayle and J V Hooper,
the main contribution, Phys Rev &I 54 (1976).

Al
+
, Ga

+ 
and T1

+ 
are compared with previously measured 7. P A Nell, G C Angel, I F Dunn and B B Qilbody, I

cross sections
4
'
5
'
6 

for ionisation by equivelocity Phys B ii2185 (1983).

Elbow ,• ,
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IONIZATION AND CHARGE TRANSFER TOTAL CROSS SECTIONS FOR H
+  

i+

C.O. Reinhold and C.A. Falcdn

Instituto de AstronomTa y Fisica del Espacio, C.C.:67, Suc.:28, 1428 Buenos Aires, Argentina

Classical Trayectory Monte Carlo (CTMC) calculations have calculations by Olson as reproduced in the article of

been performed to determine total cross sections for the Sewell et aI. . The agreement of our theoretical re-

reactions: suits is most enctouraqinq.
+ 2+

H+ + Li+ H-- + LIi
H+ LiH 2+ Li (References

H+ + 2i+.2
+ Li 

+  
+ + e (2)"_

The calculations were carried out between 82 and 350 KeV. 1. E.C. Se.lI, G.C. Angel, K.F. Dunn and HB, Gilbody

(CM) where experimental results for charge exchange and 1980, J. Pys. B 13 2269.,

Li
2+ 

production are available. The collision dynamics is 2. R. Abrines and I.C. Percival 1966, Proc. Roy. Soc.

solved by numerical integration of Hamilton's classical 88 861,

equations of a three-particle system composed of a proton, 3. R. E. Olson and A. Salop 1977, Phys. Rev. A 16 531,
aL

2+  
4. R.E. Olson 1978, Phys. Rev. A 6 2464.

a Li core and one active electron. The cross sections R A 6 464

for the processes (1) and (2) are obtained by statistical 5. R.E. Olson 1982, 3. Phys. B 15 1163. . . ., -

methods after having analysed the reaction products of a 6. M.R.C. McDowell, G. Peach and S.L. Willis, Elec

large number of trayectories with randomly chosen initial tronic and Atomic Collisions, XIII ICPEAC Abstracts

conditions. In addition, the independent electron model of Contributed Papers 512, Berlin 1983.

is assumed to hold. The CTMC method, originally proposed

by Abrines and Percival
2
, is well adapted to calculate

charge exchange and ionization processes for colliding

systems where the three particles, explicitly considered,

are subject to Coulomb interactions between them. The

case of more general systems have been treated in almost

all the calculations up to now replacing the real inter-

actions by Coulomb interactions with appropiate effective 1

charges
3
'
4
'
5
. The use of general potentials present no .2.

Li PROD',CTION.
problem for the integrat ion of Hami Iton's equat ions . How-

ever, in this case. the variables proposed by Abrines and 000

2
Percival to generate the initial electronic conditions .Y

using the microcanonical ensemble are not uniformly dis-

tributed. Mc Dowel I and co-workers
6 

have used model po- YW

tential interactions to study electron capture and Z

ionization in collisions of He
+ 

with H and He
+ 

targets

and their inverse capture reactions. In the conference ve-

shaIl outline an alternative method that we have developed + + 2-,,:,~l H Li+ -, , + Li ' " '
for the generation of the initial electronic conditions Ii " " """-

in the case of non-coulomb interactions. In this method, .

five uniformly distributed variables are obtained that

enable to determine the initial electronic state. The

method is valid for general potentials and is of easier

numerical implementation than the method of (,brines and

Percival in the sense that Kepler's equation for the l I I I I I I

electronic orbit need not to be integrated. We have used 50 10o 150 2.') 2O ,02 350 , . .

this method to calculate the total cross sections for C'J'E - A - 4. - tl ' ,

reactions (1) and (2). The electron single capture cro,

section is plotted in figure Ia. In figure lb it is h<-n FIi.I: P, .eq T1,. c tA I r. uIt

the total cross section for Li production obta ned f 0 r i 1, nt,iI r. - It b, I,. I tt i I_

addition of single capture ard single ionization croc

sections. In the same figures we also sf... standard CTMC :.. L .t I . ,

. . .. . .

.. ..._ ... . . . . : . . . . . . .. . . -.- *.-
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ELECTRON TRANSFER IN COLLISIONS BETWEEN PROTONS AND LI

+ + 
IONS '., , -

Thomas G. Winter

Department of Physics, Pennsylvania State University
Wilkes-Barre Campus, Lehman, Pennsylvania 18627

With the exception of He+, very little theoretical impact parameter and energy--a proton energy of 17.5

work
1 "2 

and no experimental work appears to have been keV relative to Li
+ + 

(corresponding to a relative

done on electron transfer in collisions between protons velocity of 0.837 a.u.). The result is orders of

and hydrogenic ions (He 
+
, Li

+ +
, ... ) at intermediate magnitude below that for He

+ 
ions at the same energy . P %

energies. Such processes are the simplest examples of and impact parameter. (Of course, the energy- and

non-resonant electron transfer. impact-parameter dependence are expected to be different

As has already been shown for the case of He
+  

for the two cases.) In spite of this very large

* . 3-5
ions, continuum intermediate states are very impor- reduction on changing the ion, the results still appear

tant to bridge the gap(s) between the tightly bound to be stable: For example, no state tested beyond the

initial state and one or more relatively weakly bound 26 basis states finally included (most of which are

states centered on the proton. These continuum states centered on the Li nucleus) contributes more than 2% to " J04
+ sae

are mostly "centered on" He , Li They would be the total capture probability; the Sturmian basis is not
+

expected to become more and more important, the more very much larger than that used by the author for He

non-resonant the collision. At the same time, the cross ions.
3  

A more complete study is now being carried out:

section for electron transfer would be expected to convergence with respect to the size of the basis is

become very small as the nuclear charge of the hydrogenic being studied at several energies and impact parameters,

ion is increased. At keV proton energies, the initial and cross sections obtained by integrating the -- - -.

and final states would be expected to be stronglycoupled probabilities over impact parameter will be reported

to the intermediate states, as is the case fo'r He +.
3 - 5  

at several energies.

A coupled-state approach using a pseudostate basis such References

as a (systematic) Sturmian basis is therefore 1.B. H. Bransden ane C. j. l1oble. J. Phys. B 15, 451

appropriate, as applied by the author to He+ targets
3
; (1982).

other pseudostate methods have also been applied by 2.A. L. Ford, J. F. Reading, and R. L. Becker, J. Phys.

others.45 B 15, 3257 (1984).

3.T. G. Winter, Phys. Rev. A 25, 697 (1982).
To explore trends in collisions of this type, the -.

++ 4.W. Fritsch and C. D. Lin, J. Phys. B 15, 1253 (1982).
next more highly charged hydrogenic ion, Li I is being _

5.B. H. Bransden, C. J. Noble, and J. Chandler, J. Phys.
considered here. A preliminary result has been B 16, 4191 (1983).

obtained for the electron transfer probability at one 6.D. F. Gallaher and L. Wilets, Phys. Rev. 169, 139

(1968).

R. Shakeshaft, Phys. Rev. A 14, 1626 (1976).

. . . .... ...... .....
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CROSS SECTIONS FOR ELECTRON CAPTURE AND IONIZATION IN H* + He' COLLISIONS*

K.Rinn, F.Melchert, K.Rink and E.Salzborn 5-

Institut fUr Kernphysik, Universit~t Giessen, D-6300 Giessen, West Germany

A crossed-beams experiment has been set up for the Fig. 1 shows a coincidence spectrum of the collision -.. ,

measurement of cross sections for electron capture, oc ,  products H
° 

and He
2+ 

of the electron capture reaction (1).
and ionization, ci, in ion-ion collisions. First results ,

were obtained for the reactions
H + He

+ -. H
°  

+ He
2+  

160
Hi  + He2+ + 1oo-.

SH
+

* He
+  

%H + He +e (2) .
3" 200-

in the center of mass energy range 8 keV < Ecm< 100 keV. Z 1

Two well collimated and momentum analyzed beams 800

(H+: 10-150 keV, He+: 5-15 keY) are arranged to inter- 600

sect in an ultra high vacuum chamber. The collision pro- 00

ducts formed in both beams are separated by electro- 200.

static analyzers from the parent ion beajrs and detected ,.

by single particle detectors. The overlap of the two C 0 0 "
ChiNNEL NUMBE

beams is measured by a scanning slit which is moved
perpendicularly across the interaction region. I He

2
-

Fig. 1: H + He coincidence spectrum of 66 keV H
+

Although the experimental approach, in principle, ions colliding with 10 keV He
+ 

icns. Rate of

appears to be straightforward, inherent difficulties true coincidences: 15 sl

result from the low ion densities obtainable in the two
intersecting ion beams. Since the residual gas density, Fig. 2 shows a spectrum measured for the total He

2
,

even at pressures of 1.10
-
10 mbar, exceeds the ion production with pulsed beams.

beam desitfes by orders of magnitude a low signal rate

( Hz) has to be detected in the presence of a large H+ on

background rate (- kHz) of reaction products originating I
from ion collisions with residual gas particles. off

on
A coincidence technique was employed to separate n

signal from background events in measuring the cross He
+  

,,off

section oc for electron capture. The cross section c"

for ionization is obtained from the difference
Gi  a 2?-o with Q2+ being the cross section for the ..--

total He
2  

ion production (sum of reactions(1) and (2)) 20000

In measuring c2+ a beam pulsing technique was employed ,-

to discriminate signal from background events. I 4

. Careful tests were performed to ensure the proper - -----

function of the apparatus. Difficult but very important -; -

is a unity transmission probability through the analy-

" zers even for particles scattered in the reaction ob- I

served. The analyzers were designed carefully to reach 0  L " -r,-

maximum angular acceptance. Small variations of the . - '

analyzer voltages did not change the reaction rate mea-

sured, indicating the detection of all products. Cross Fig. 2: Total He production employing pulsed beams.

sections for eve~y single center of mass energy were

determined with different energy combinations of the _____-__

beams in the laboratory frame. No dependence on the Work supported by RMFT

laboratory energies was observed.

- . . "-................

• . • . - ' . . .. ..
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THEORETICAL STUDIES OF MUTUAL NEUTRALIZATION IN P + H COLLISIONS

USING MODEL POTENTIALS. Z,

A.M.Ermolaev I

Department of Physics, University of Durham, south Road, Durham D~l 3LE, England.

Earlier impact-parameter close-coupling calculations

of charge transfer in collisions between positive ions and PAC(. tI.H-.H(n.3..

atoms at intermediate energies lhave been extended to 4 4.1

study the mutual neutralization reaction b Iqj

p + H (1s) - H(ntm) + H (1) -

in the energy region 0.4-50.0 keV lab. In the one-active

electron approximation for (1), the total wavefunction '\

(r,t) is expanded in terms of a two-centred AO (pseudo) .

state basis with PWETFs, and interaction between the act-

ive electron and the H core is described by a fast fall- S M o ..

ing-off potential Ueff supporting a bound state with the IMPACT eVNER W.1

experimental binding energy of the io.. Cross sections

(ntm) for capture into H(nim), n<3, have been obtained Fig.2. Theoretical total cross sections for reaction (1)

sing expansions with up to 19 states centred on the computed using several model potentials Ue
AO expansions with ten bound projectile-cenfred

projectile and up to four target states (1s, 2s, 2p). This states (n<3) and a single target state Ils>.

model suggested (2 as an AO alternative to the MO model

introduced by Sidis et al. gave a dipole polarizabi- For a non-singular exponential potential U (r)= . -
3 eff

lity of 175 a A exp(-yr), the exact solution of the one-particle Schro-
0

Fig.l and 2 present total neutralization cross sect- dinger equation is expressible in terms of a Bessel

ions -to, computed using expansions of different length function and this model is particularly convenient for
tot ascertaining the relative importance of various features

and several model potentials of Yukawa and exponential asceAnngthe rela iortanc of v ueture

types. The polarization term has been dropped from Ueff of the AC method as well as for discussing some numerical
because of relatively high impact velocities in question, problems. It appears from the results obtained by now that

At the maximum (E 0.6 keY lab), tot" is affected by a an adequate representation of the low-energy continuum .. -

t in the AO basis is, perhaps, more important, in a certain
particular choice of the expansion as well as that of U
" whereas for higher E, the cross sections tend to a limi sense, than further refinements, particularly at large r,

which is virtually independent of the choice of Ue A of the model ground state Ils> . Simple STO sets (that is
whih i vitualyindpenentofthechoce f eff* without the Hulthen-type orbitals used often in accurate

marked difference (by a factor of two) between the present

3) tvariational calculations of the negative hydrogen ion)
~tot an daai t E ;,B3 key lab is probably due to
the lack of proper PWETFs tn the expansions (3) seem to be sufficient to produce good estimates of cross

sections for reaction (1) . These conclusions may also lead

to some practical implications for a two-active electron

. . theory for ''I and for the correlation account in this

7 \ reactic..

References.

: P ./1. A.M.Ermolaev, J.of Phys. B, 17, 1069 (1984),

A.M.Ermolaev and B.H.Bransden, ibid., 17, 1083 (1984).

"- "2. A.M.Ermolaev, J.of Phys. B. to be published. IJr "-4

-.25,' "'.3. V.Sidis, C.Kubach, and D.Fussen, Phys.Rev. A27,

* ,, .,; } 2431 (1983). .

IMPACT ENJERGY E @V( ( - , .1

Fig.l. Cross sections for reaction (W). Theoretical data:

DVB - Dalgarno (1970); MO - Sidis (1983); AO(N)-

present (in order N) using a Yukawa potential.

Experimental data: 7,A,o - Rundel(1969), Gaily

(1970) , Moseley(1970) , Peart(1976) C) , ,

Szucs (1984).
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MUTUAL NEUTRALIZATION IN H+ + H_ COLLISONS .

R. Shingal and B.H. Bransden --

Department of Physics, University of Durham, South Road, Durham DH1 3LE, U.K.•%

The understanding of neutralization and double

charge exchange in collisions of protons with negative

hydrogen ions is still an outstanding problem. In two "

recent papers1,
2 

we have considered a two electron

model for the reaction

H+ - + H.

* H(nk) + H(is)

H(ls) + H(ni) ()~

The total and partial charge exchange cross-sections : 1
were calculated using a multi-state impact parameter

model
3
. Two centred travelling atomic orbitals were

used to expand the wave function of the system. In

this expansion, apart from the exact n = 1-3 - "

hydrogenic states, we also considered several pseudo- -%.-. .

states.

However, in these calculations we used a simple

Chandrashekhar
4 
wave function to represent H-. We

also considered a variant of this function in which one

of the exponent was determined using the experimental

ionization energy of H Further, in the appropriate

time dependent phase factors, the eigenenergy of H"

was replaced by the experimental energy.

In the present work we have removed these

uncertainties in the earlier results. We have

constructed an improved CI wave function for H This

wave function is used to calculate the total and

partial neutralization for reaction i. The computations

are in progress and the results will be reported at the

time of the Conference.

References

1. R. Shingal, B.H. Bransden and D.R. Flower, J. Phys. B
(1985) (in press).

2. R. Shingal, B.H. Bransden and D.R. Flower, 2nd ECAMP,
Amsterdam (1985). 7

3. B.H. Bransden, 'Atomic Collision Theory', 2nd Edn.
(Benjamin Cummings, N.Y.) (1983).

4. S. Chandrasekhar, Astrophys. J. 100, 176 (1944).
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CHARGE EXCHANGE BETWEEN He
+ + 

AND H AT LOW ENERGIES %
*+ +:.., ;.

M. Terao , C. Harel and A. Salin
+

*Laboratoire de Physique Atomique et ol6culaire, Universitg Catholique de Louvain-la-Neuve, Chemin du Cyclotron, 2

1348 Louvain-la-Neuve, Belgique WI*.. "-"+Laboratoire des Collisions Atomiques, Unjversit6 de Bordeaux I, rue Lamartine, 40 - 33400 Talence, France

By contrast with the H - H system which has been Table I - Definition of the configuration describing the

studied extensively both theoretically and experimental- initial channel

ly, very few is known on the collision of He++ andHions. Atomic orbitals Molecular orbitals Configurations - -

ly,~I ver fe is39 known=, on39 th cllsonofHe adHios
As can be verified from a schematic correlation diagram, Is (Z = 1.039) 2po(ZA=2,ZB=.O39) .p)(

6
i) radial" -Is (Z)=0.283))6icorZr=2-Z"-O 283(latio

the latter system is very similar to a collision between is A= 0.283) (6io)'(ZA=2,Z =0.283 lation

a multicharged ion and an atom because of the very small 2Po(Z"= 1.95) (3f) "
2  

angular

binding energy of HA O (4fo)A= corre-

- single electron capture may be expected to occur into 2p+(Z"= 1.95) (3d +-)" (3di+)" lation.
-(3d _)

a highly excited state.

- double electron capture may lead to the formation of The asymptotic energy curve of the ionic channel
autoionizing states. crosses those of the exchange channels He

+ (n
- 3,4,5) + !

We present here a theoretical study of charge H(Is) at respectively 10, 20 and 35 ao . On each of these

exchange in He -H collisions. An experimental study exchange channels, we selected the Z state and the 11

has been done simultaneously in Louvain (see contribu- state in which the OEDM orbitals are the most strongly

tion of M. Terao, M. Cherkani and S. Szucs). coupled with the entrance channel,i.e. (2po) (5gc,m)',

At low barycentric energies where the experiments (
2
pa) (4faor)' and (2po) (Bdo,v)' configurations. C- -e-1.?*

have been done (1-2000 eV), the molecular description The potential curves and the couplings were obtained

seems to be the most appropriate. The wave function of by configuration interaction and the coupled equations

the system was expanded on a basis built with screened integrated by means of standard programs. Rectilinear

OEDM orbitals - a method which has already been succes- trajectories have been used so far. Coulomb effects-most

sfully tested on various reactions . The screened OEDM important below 10 eV- are being considered. The problem

orbitals are defined from the essential requirement that -f electronic iro.entum transfer was sclvcd by use of the

the basis correctly describes the H ion. It is well Errea's "common translation factor'
4
.

known that because of the small nuclear charge, the elec- The final results will be presented at the conferen-

tronic correlations in H- are very strong and the ce, but it is already established that the cross section- -, "

screening of the proton by one of the electrons is impor- of single transfer is very large (about 5 IO-
14
cm2
c) and - ,

tant in the s-wave. The simplest wave function for H
-  

that the dominant contributions are in the n- 5 and n-4 .

is of the form channels .There are no published theoretical resultsN Z Z' Z' Z

I(rr z (r ) i(r2)+0i(rl) zs(r available for comparison. Preliminary data on a calcula- .-.

tion by Ermolaev (private communication) differ from our
z values. "-'-'-%

where 0Is is the Is bydrogenic wave function with

nuclear charge Z - 1.039 and Z' = 0.283. References

Frtemlcadec oI. C. Harel and A. Salin, J. Phys. B., 16, 55 (1983)For the molecular description of He -H ,we used "'-

the OEDM orbitals that correlate with the atomic orbitals S. Bliman, D. Hitz, B. Jacquot, C. Harel and A. Salin,

of H- in presence of the electric field of He
++

, i.e. J. Phys. B., 16, 2849 (1983) ; L.F. Errea, L. Mindez,

A. Riera, M. Ysiez, J. Hanasen, C. Harel and A. Salin,
wth the (

2
po) and (Bko)' orbitals (actually we use a

diabatic orbital crossing the (7jo)' and (6io)' orbitals). Journal de Physique, in press (1985) .. .

For a good description of H-, angular correlations must 2. S. Chsndrasekhar, Ap. .. |0, 176 (1944)
be taken into account

3
. This was achieved by including 3. F. Borondo, A. Macias and A. Riera, Chem. Phys., !I

Z" Z" Z" 2Z'' Z" " 303 (1983)
the (2po) (2po ), (2p.) (2p ) and (2p. ) (2p_) con- . . -

figurations. A variational calculation givesZ"a1.95 a.d a 4. L.F. Errea, L. Mfndez and A. Riera, J. Phys. B.,15,
binding energy for H of O.5231a.u.. The moleculatr confi- 101 (1982)

gurations are shown in table I.

* * **5 .. ". ...! ',.

S. -' °- ''. -3 ,' . -, --. - -. ., .'- . ,- '... ' " .. - - - - - - - - -"" "" "" * ... . .." "" ..' "' .*"
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ONE ELECTRON TRANSFER IN He
+ + 

- H- COLLISIONS INTO EXCITED STATES OF He
+  

r V i.

M. Terao, M. Cherkani, S. Sziics and F. Brouillard

Universitk Catholique de Louvain, Institut de Physique, Chemin du cyclotron, 2

B1348 Louvain-la-Neuve - BELGIUM

The cross section fr the electron transfer reaction ___ r______________-______-__
He+++H

-  
He++H was measured in the CM energy range , "

between I and 2200 eV, with merged beams and coincident

product detection (1). The initial kinetic energies of

He" and H are respectively 20 keV and 10 keV. The two

beams are merged over a distance of about 7.5 cm. The '" -

precise length of interaction is determined by the .

voltage V applied on the collision cell. The H atomsI FASI Im't"

are detected some 30 cm ahead by channelplates with a
large solid angle (25 x 25 [ ) The He

+ 
ions .

are momentum analysed in a magnetic field and countedT. 
..""

by an EMI electron multiplier about 180 cm ahead. ..

The multichannel analysis of the time lags between

pulses from both detectors yields the electron transfer

rate above a uniform background due to the uncorrelated I

signals from reactions with the residual gas. . -

The results are shown in Fig. I. Most of them were
3 ++ 4 ++obtained with isotopic He instead of He in order RELA IvE3 VEL :% " "

to avoid contamination by H2. As a check of consistency, -I

some measurements were performed with the H slower or Fig.

faster than the He' ions, and thus with very different

kinematics. Table 1. Shift of the time lags between V and V'(n sec)

It is well known that the reaction energies of

monoenergetic ion beams can be determined by high V V' calculated for observed

precision time-of-flight technics (2). In this sense, n-5 n=6 n-7 ~
merged beams are particularly sensitive to the reaction 1900 2100 44 35 30 34

- 1900 - 2100 44 35 30 34
exothermicity, due to the amplification of the CM energy

- 1800 - 2200 61.5 52.5 47.5 51.5
* in the laboratory system.

1 700 -2300 77 70.5 66 69.5
Table I shows the time lags versus the observation

1600 2400 94.5 89.0 86 88.0
voltage V around the critical value of - 2000 volts-:,

where the sign of the relative velocity is reversed.

Calculations were performed by assuming that If the observation potential is V volts, the collision

i) the ions move on unscreened Coulomb trajectories;
energy is given by

ii) the transitions occur at the curve crossings;

iii) the deflection is given by the half of Rutherford E(eV) = u['(20.000-q V)/m 1 - ,/(I0.000-q2 V.im2 12

angle. where (q1,m l), (q2 ,m2) are the charges and masses

The observed shift around 0 eV reveals that transitions of the He+ and H- rtspectively.

to the He
+ 

(n-6) state occur.

Theoretical cross sections for this reaction are . , '

presented at this conference by M. Terao, Ch. Varel and -" ..

A. Salin. References

(I) S. Sztics, H. Karemera, M. Terao and F. Brouillard,

J. Phys. B, 17, 1613 (1984).

(2) R. Rundel, K.L. Aithen and M.F.A. Harrison,
J. Phys. B, 2, 954,(1969).
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ORIENTATION EFFECTS IN THERMAL COLLISIONS BETWEEN e.
RYDBERG ATOMS IN CIRCULAR STATES AND GROUNT) STATE HELIUM

E. de PRUNELE ..... •

Service de Physique des Atomes et des Surfaces, CEN/SACLAY -..

91191 Gif-sur-Yvette Cedex, France

INTRODUCTION m' a-0 a=1T/2

2 .239 E + 2 .326 E+1 .505 E+I %
A A state to state collision between a Rydberg Atom I .714 E - 2 .303 .457 0

A and a ground state neutral atom B, with relative momen 0 .144 E + 2 .188 E+1 .291 E+1 ,-

tur q, can be written as -1 .874 E - 2 .286 .434

A(i) + B,() A(i') + B. (q)() -2 .239 E + 2 .293 E+1 .455 E+1

The initial state ii> of A is assumed to be an eigen- Table I

state of the atomic angular momentum relative to some Cross sections S(a) for processes (3) with P'-2.

axis z, i.e "" correspongs to the average over B. '

L z )i> m i (2) REFERENCES

The present work studies the influence of the angle a

1. T. Yoshisawa and M. Matsuzawa, J. Phys. B17, L485between q and the axis z on the magnitude of the cross (1984).

sections for process (1), within the framework of the 2. E. de Prunelg, Phys. Rev.A 27, 1831 (1983).

impulse approximation /l, 2/. This approximation was

found /2/ to be most valid when the eccentricity

I -1( e+!)/n2
' 1/2 of the state Ii> is small. The

"circular" Rydberg states, which are highly anisotropic, ,'' .

are therefore particularly suitable for a study of the

orientation effects according to the impulse approxima-
,

tion,

RESULTS

A general formulation of the problem allows computa--

tion of the cross sections for process (I), for arbitra-

ry values of the angle a, (beam experiments), as will as

a direct computation of the angle averaged cross sections

(cell experiments). Numerical applications are made for

the collisions between Na in a circular state with He

Na(n = 20, 2=19, m=19) + He -Na(n-20, 2',m') + He (3)

The relative velocity between Na and He is taken to

be the thermal averaged velocity for 296*K as in Ref./l/.

The processes (3) are found to be highly sensitive

to the orientation. A selection rule concerning the pa-

rity of P'-m' is found for the case a=O, but it becomes

weaker and disappears as a increases. For fixed values

of P the cross sections are found to be most important

whe Im'/ '. The influence of an external electric

field is also discussed. More detailled results will he

presented at the conference.

In view of the present results, the study of these

orientation effects using a beam experiment would be a .

crucial test for the validity of the impulse approxima-

tion for the thermal processes (3).

-5
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IMPACT IONIZATION OF STATE-SELECTED Na RYDBERG ATOMS BY ION BOMBARDMENT . 1.

K. MacAdam,* N.L.S. Martin,* D.B. Smith,* and R.G. Rolfes*+

Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506 ft
+Department of Physics, Presbyterian College, Clinton, SC 29325

The cross section for electron removal from laser-

excited Na(41s) and Na(40d) atoms by impact of singly

charged ions has been measured for projectile velocities

between 1.3 and 4.4 times the Bohr orbital velocity in Na(40d) + Ar+(3 keV)
the target atoms. The cross section is insensitive to -

the projectile species because the internal structure of

the projectile ion is unimportant on the scale of Z
energies and distances that is significant for the DFIELD

Rydberg collision process and because no significant

deflection occurs. Ar
+ 
at energies down to I keV and IN

Ne
+ 

up to 6 keV were used to cover the velocity range.

The experiments measure the sum of ionization and
< IMPACT

charge-transfer cross sections (dominated by ionization Z IONIZATION
at these velocities) and were carried out as follows. (.

Cr)
In a crossed-beam geometry a Na atomic beam was excited

by two tunable pulsed lasers to the desired initial

states. The few thousand state-selected Rydberg atoms

excited by each pulse were exposed to ion bombardment 7 8 9 10 I I 12
for 6t - 3 vs. A 1-ps 60-V/cm electric-field pulse was

then applied, and Na
+ 

ions, which had negligible initial TIME (/LS)
recoil velocities, were swept by this pulse into an

electron multiplier. Na+ produced in the target by Figure 1. Transient digitizer recording of electron

- blackbody or multiphoton ionization or other processes multiplier signal.

constituted a background to be subtracted by comparing

. signals obtained with the projectile beam gated on and References

off. Following the sweeping and detection of free
1. K.B. HacAdam, R•G. Rolfes, and D.A. Crosby, Phys.

target ions, field ionization of the remaining Rydberg Rev. 24, 1286 (1981).

atoms was induced to measure the target population. 2. K.B. MacAdam, D.B. Smith, and R.G. Rolfes, .I. Phys.
r 18, 441 (1985).

Figure I shows a transient-digitizer recording of 3. K.B MacAdam and R.G. Rolfes, contributed paper,

a typical electron-multiplier signal. The ratio of the 16th Annual eeting APS-DEAP (May 1985).

area of the first or "ion" peak and the second or

parent" peak, divided by ion-beam current density and

target exposure time, yields the electron-removal cross

section, which in this example equals approx. 3.8xi10-

cm
2 
or 1.7nn

4
a0

2
. The intense ion bombardment of the

40d target causes substantial t mixing,
1
,
2 
which may

be seen by its effect on the field-ionization peak

shape. Thus electron removal from "40d" proceeds from a

broad distribution of Z states, but because of the much

smaller i-change cross section from s states the 40s

target remains relatively pure.
3

Absolute cross sections, velocity dependences, and

comparison of s-state and i-mixed targets will be

presented. This work was supported in part by the . %.

National Science Foundation.
'  - 
O"
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INFORMATION-THEORETICAL ANALYSIS OF CHARGE TRANSFER

FROM RYDBERG ATOMS

A. Blomberg and T. Aberg

Helsinki University of Technology, Laboratory of Physics,
SF-02150 Espoo, Finland .

Recently Rolfes and MacAdam have obtained distributions the final-state distributions are not influenced
* of final n states populated in hre tanfr b . They seem to be completely determined by the

collisions of %a
+ 

ions with Na atoms in Rydberg states average change in internal orbital energy and velocity. -.-

(initial ni. 30). No satisfactor, quantum-mechanical In terms of velocity the distribution (1) takes the

theory of these distributions exists. For 1 i2 classical simple form "; "4

I a Iorv I :",I Car!' c, o. c u, 10 have

% been performed showing some agreement with experiment. P(v) =v exp[1Xo+ 2 (v-vo)] (2)

Due to the large number of final I-states presumably

* involved it is of interest to examine whether a purely This suggests the possibility of a derivation based

statistical description is sufficient to explain the on considering the motion of the electron in the. -

n-distributions for both li=O and 1 =2. This we have transient electric field of the projectile as a

done using information theory which has proved to stochastic process.

be an efficient tool for separating random behavior

from specific processes in the case of transfer References

ionization. 3

1. R.G. Rolfes and K.B. MacAdam, J. Phys. B 15, 4591
(1982).. -

In Ref. I the distributions were given with respect (1982). p 'i

to the Stark quantum number ns which in the following 2. R.L. Becker and A.D. MacKellar, J. Phys. B 17,

" is not distinguished from n because of the assumption 3923 (1984).

of large I-mixing inherent in any statistical 3. T. Aberg, A. Blomberg and 0. Goscinski, Phys. ..--"" ~~Rev. Letters 52, 1207 (1984). ''''tl,
description, in our analysis the a priori distribution Lt 2

-3
is taken to be Po(n)~n as given by the density of 4. E.T. Jaynes in The Maximum Entropy Formalism , .-

edited by R.D. Levine and M. Tribus (The MIT Press,
states in a Rydberg series. To take into account the Cambridge 1979), p. 15.

resonant enhancement effect and the relation between
the initial and final state RMS velocity of the 5. R.D. Levine and J.L. Kinsey in Atom-Molecular

Collision Theory, edited by R.B. Bernstein (Plenum,
transferred electron,' constraints on the average New York, 1979), p. 693.

final state binding energy and RMS velocity are
-2 . .

introduced. The energy is taken to be e..n , and the

velocity vn 
-

. Then, according to the maximum entropy

principle, the least biased probability distribution

is given by

p(") n -explxo+xn-+n
2  

= (1)

, 1 1 2
= n expx +X2( - - 1 I

0

where o, and X2 are Lagrange parameters, determined
2

by the constraints, and X°= X0- Ao/X2 and no=-(X2 A "

As a preliminary test of Eq. (1) we have plotted the

"surprisals"5  In I Pe(n)/Po(n)l as functions of

n- n _ where the experimental distributions Pex(n)•no n0  exp• . "-
were taken from Ref. (1). In this representation

straight lines with, negative slopes 12 should be

obtained with a suitable choice of no if Pexpn) is

of the form (1).

* The results of our analysis show reasonable agreement

for both initial ns and nd states indicating that

% -. °.-%
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SIMPLE ANALYTICAL FORMULAS FOR COLLISIONAL 1-MIXING, n-CHANGING
AND IONIZATION OF RYDBERG ATOMS WITH NEUTRAL PARTICLES AT THERMAL ENERGY . .

L. Petitjean and F. Gounand

Service de Physique des Atomes et des Surfaces, CEN/SACLAY
91191 Gif-sur-Yvette Cedex, France

In general the experimental data about inelastic overall agreement is good. This is quite interesting

collisions of Rydberg states give the total depopulation since the simple expression of the form factor (Eq.(5)) ... *

cross sections which include many exit channels throught provides analytical expressions of the cross section for ,.

different processes such as 1-mixing, process (1)-(3). . -, Mir

Let us as example consider the process la, whose
A (ril) + B -w- A* (n, 1') + B (0s)

cross section is given by
A

z 
(n, 1) + M() -- A (n, I') + M (C) (1b) 2L 2  

2y(n 2) + M2y21 (5 +3y)
nI nmin) arc tan(-)- - (6)

n-changing,n(i y 311 (I +

A (n, 1) + M(S)-A* (n', ') + M (') (2) n(Q
an inzaiowith y = Q.2 Q-..-E

and ionization, 
in - , E: energy defect, V: rela-

At (n, 1) + M()--A
+ 

+ e- - M(') ()tive velocity of the colliding partners). L is the ei-BA"~~~~. (n 1) +.~y '+e M 3

scattering length. The agreement between this formula
*i where B represents on atomic target and f" specifies the and BET calculation is especially good in the range of

quantum state of molecule M. We have derived simple ana- validity of the IA (fig.1). The influence of the energy

*- lytical formulas that can be used to estimate the cross defect is investigated in Table I. One can see that the .,

* section for reaction (1)-(3) to about a factor of 2. experimental data are nearly constant when nQ.n 0.,

Such formulas appear very useful since they provide an and decrease strongly when nQ n varies from 0.2 to 4.9,

easy way to calculate the quenchitig cross section of as predicted by relation (6).

Rydberg state by neutral particle. Moerover they allow

one to display in a transparent way the influence of the ... .

relevant physical parameters (for example, the energy

defect of processes (1) and (2)). . ."..

The impulse approximation
I 

is known to describe

. reasonably well the processes (1)-(3). Within this ap-

proach, the evaluation of the atomic transition form "

factor F , (K) ani*X

m Fnl , 1, - - L I<n'l'm' ei ';nm () .
nI, n'l' (21+n) m,m' Present theory ..,"'. - ~BET . . . .

is a key step in the deriiation of the cross section. K 10.

- represents the momemtumn transfer and r is the coordinate 10 20 30 40

n
of the Rydberg electron. The Binary Encounter Theory

have been shown to offer a very powerful means for the
Figure - The 1-mixing cross sections for Na(nd)+Xe. :

rapid evaluation of the atomic form factor. Fnln, (K) Kachru et al., Phys. Rev.A 27, 795 (1983), :Chapelet et

(averaged over IV)2. al., J. Phys. BI, 3455 (198-2).

Since the cross section appears to be much more ... .,

sensitive to the energy defect of the reaction than to

the initial orbital momentum value 1, it seems reasona-

ble to approximate Fnl ' n' (K) by its I-averaged value,
* i.e, Table I - Nag*-He I-mixing cross sections.

i"e n- I".

References

Fnl. )f (K) (5) __ _
n =0' n 2 n5) I. M. Matsuzawa in "Rvdberg states of Atoms and Moleules",
Snl, n

( ) -I  
Fnl, n'(K) 3 K n'

3  
(n2Po2 +I)

2  
edited by R.F. Stebbings and F.tt. hunning•(CabridgcnDunning.0ilarO~r:
University, NY 1983).

with P0 - (E - E - K
2
/2) /K 2. F. Gounand and L. Petitjean, 'hys. Rev.A 10, 61 (1984).

We have recently reported detailed omparaisons 3. 1.. tetitjean and F. Gounand, Ihys. Rev.A 30, 2946
(1984).

between the BET form factor and the above quations. The 77784).

, ~~~~~~~~~~~~~~~~~~~~~~~~~~.. . ... " .-."..... .. .. "-... .... .. ."".....-...."...... ".',v "'. -" '..- .
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THE POSSIBLE INFLUENCE OF CORE EFFECTS IN ..YDBERG
ATOM-NEUTRAL COLLISIONS AT THERMAL ENERGIES

F. Gounand and L. Petitjean

Service de Physique des Atomes et des Surfaces, CEN/Saclay

91191 Gif-sur-Yvette Cedex, France

The Rydberg atom-neutral system (P) provides a good 3. L. Petitjean and F. Gounand, Phys. Rev. A30, 2946

example of a simple three-bod' collision system, because (1984).

the outer Rydberg electron is located on the average at 4. L. Petitjean and F. Gounand, submitted to Phys. Rev.A.

large distances from the A
+ 

core. One expects collisional 5. M. Chapelet, J, Boulmer, J.C. Gauthier and J.F.Delpech_ J. Phys. B5, 3455 (1982). .
processes to be governed by either the e -P or the A+-P 6. . 5, 4. (198).

1 6. M. Hugon, B. Sayer, P.R. Fournier and F. Gounand,
interaction. It has been shown in the last few years J. Phys. B15, 2391 (982).

that cross-sections calculated within the frame of the . lO .......... 10
-

impulse .pproach (IA) with only taking into account the +Nand) + Ar Na-nd) Ne

e -P interaction provides reasonable agreement with the Q

available data
2
. But it still remains some controversy ". A *•

about the possible influence of the A+-P interaction on "

the collisional cross-sections. I '::: ..

" We report here on the evaluation of the core con- 00-1 4.... i0-°.

* tribution by using the same IA approach, the validity

of which will not be addressed here. The cross-section

for the A(nl) + P --- A(n'lV) + P process is found to be:

A*- 1 .tmax2
1.12~ W ::

.~ ~ ~ ~n A 'l at 2'K V n 'i K A &
•nl n'l'...........................................................

-FQmin 20 30 n 40 20 30 n 40

where F is the atomic squared from factor, fA+ the am- I " ""-

plitude for A -P elastic scattering and .in(max) are

the minimum (maximum) value of the momentum transfer K. 13
t4 is the reduced mass of the two colliding atoms, v *." .". '" ".

being their average relative velocity. Finally -A + (m

Eq(l) has the same form than 
- -  

except for the mass- i -.

factor (0)A) and for the range of integration. If,

as usual, we adopt a diffusion length approximation for 10-'Z lIS

f + the key parameter remains F, for which simple methods
A 3

of calculation have been recently developed . Eq.| 4
allows a systematic discussion of possible core effects. Na(nd) * Xe ' Rb(ns) * Ne - • -

In particular it is easy to show that such effects are "-"

expected to be noticeable, in particular, for light ion Etfth."

core and strong A+-P interaction. This is also demonstra- .0- ...... '. .O..

20 30 .0 20 30 40
ted in Fig.l where some calculationSare reported toge- n n

" ther with available data. Finally it appears
4 

that the

situation for which strong core effects are expected Figure I

(Lil -Ne or H - He pairs) have not yet been explored, Depopulation cross-sections for Na(nd) and Rb(ns)-P
*calling for further experimental works. Other points collisions. Open circles give the contribution of the

(e--P) interaction only. Black circles are the Sum of
will he discussed at the conference, both (A+-:) and (e--P) contribution. Experimental data,

References when available
5
,
6 

are also reported. Calculations
alte performed for a cell temperature of 293 K.

*I. M. Matsusawa, J. Phys. B12, 3743 (1979).

2. F. Gounand and J. Berlande in Rydberg states of Atoms

and Molecular Chap.7, edited by R.F. Stebbings and

F. B. Dunning, Cambridge University Press, N.Y. 1983.
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COLLISIONS OF RUBIDIUM RYDBERG ATOMS WITH AMMONIA

L. Petitjean, F. Gounand and F.R. Fournier %.% - :

Service de Physique des Atomes et des Surfaces, CEN/SACLAY
9119) Gif-sur-Yvette Cedex, France : a

1. *- .:.:
Follow ing a previous study on rubidium Rydberg sta- - -.. . . . . . . . . . . . ..- '-. . -% . ..- -

tes-CO collisional system', well-described by using the 5.10
4 ,

impulse-approach (IA), we have measured the total depo-"'" *n.

•'ulation cross section of Rb(ns) and Rb(nd) Rydberg sta-

tes by collisions withNH3mlcls2Thsyte rr

ene opportunity to study a particular transition and to - *

exhibit experimentally the importance of the energy de- 10-!

fect for a dipole induced transition. Experimental data

f,,r Rb(nd) states are reported in figure I. 5 10 h-'r .

The depopulation of Rydberg states by NH occurs

through three district dipole induced mechanism: 1-mixt .. ..

A(nl)+ NH 3 (J, K,±)--A(n, 1' 3)+ NH 3 (J, K,;) (1) 25 30 35 40 45 50
3 3 nn changing

A(nl)+ NH3 (J, K, t)-A(n') + NH3 (J± 1, K,;) (2)
Figure I Quenching cross sections for the Rb(nd)

*and ionization l by versus n.-

A(nl)+ NH3 (J, K,± ).-A+ + e + NH 3 (J-l, K,;) (3) 3

J1 denotes the total angular momentum, K represents

.. ° the angular momentum along some direction and +(-) s105 7 .. :

stands for a svrmetric (antisysnetric) level.U rb ld)-NH3
Cross section expressions for the relevant processes 3/

have been derived by Petitjean and Gounand within the /

frame of the IA. The sum of the n-changing and ionizatior o0

cross section is plotted (dashed line) in figure 2 and L . . " 'G) 10 " -. '-
remains approximatively constant for n 30. The total -7
depopulation including the three distinct processes pre- tA

sents as a function of n a maximum near the 47d level. 0 510 - .

This is clearly due to 1-mixing reaction induced bv NH

invers ion.

When one compares Fig.1 and 2, one can notice that 25 30 35 40 45 50

the IA gives the correct relative behavior of the cross -

section with n, despite it over estimates by one order ot Ficure 2 - Rb(nd)-N31 collisional cross-sections in the - -

magnitude the cross sections. Then, it seems reasonable impulse approximation. The collisional ioniza-

to attribute the experimental maximum of the cross sectit,!i tion appears as a dotted line. The dashed line
represents the su- of n-changing and ioniza-

for the d levels to 1-mixing transitions. These results processes. The total depopulation (including
1-mixing, n-changing and ionization)is shown

show that the use of the impulse approach becomes ques- as a solid line.

tionable when the molecular perturber present, a large
Se fe renc es

dipole moment. These result also prove that for high

lvdberg states the efficiency of a dipole induced reactr .. Petitiean, F. Gounand and P.R. Fournier, Phys.

decreases by one order of magnitude when the energy de- Rev. A, 30, 71 (1Q84).

fert varies from_ 0.01 cm
- 

to 0.5 cm- . I. Petiti.an, F. Cotnand and P.R. Fournier, submitted
to Phys. Rev. A.

L. letitiean and F. Gunand, Pits. Rev. A, 30, 294"

- . -- * . . . . . . . . . . . . . . . . . . . ...
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THEORETICAL SEMICLASSICAL STUDY OF STATE-CHANGING COLLISIONS BETWEEN RYDBERG ATOMS AND ROTATING MOLFC'LES0

M. Kimura and N. F. Lanet

Joint Institute for Laboratory Astrophysics ' .

University of Colorado and National Bureau of Standards
Boulder, Colorado 8030q USA

A full three-dimensional classical trajectory (d) "Perturbed Rotor State" Is used as the ao-

Monte-Carlo method has been applied in a study of lecular rotational basis. .j.

excitation and ionization of Rydberg atoms in colli- (e) Optical potetal methods are used to i -

ioe) Optica poteta Altthods ares usedsito
sions with polar molecules.' Although this classical represent "bands" of Rydberg states not in "near

calculation reproduces certain observed trends, the resonance."

quantitative agreement with measurements was not SatiS-
In this formalism, the dominant coupling causing

classical representation was utilized to describe the rotational transitions is "nonadiahatic coupling" be-

Rvdberg atom as well as the rotating molecule. In the tween perturbed rotor states. These perturbed rotorstates have a constant energy gap and may Introduce'.""" "u

present work, we have carried out semiclassical close- s s e tn"ad n u

coupling calculations in a study of J-changing in col the Demkov coupling effect analogous to that found in .
coupln-ato rclain atm-to sytes Andd of J-changng in co

lisions between Rydberg atoms and rotating molecules, ion-atom or atom-atom systems. And correspondingly,
the nonadiahatic coupling matrix elements have a large

RA(nlm) + M(JM) * RA(n''m') + M(J'M') peak at the point where two potential curves depart.

Approximations in the calculation are:

Detailed results of the calculation will he
(a) Semiclassical impact parameter method with D.Co;

straight line trajectories for C.M. of projectile presented at the meeting.

"* relative to target. *
This work is supported by the I'. 1. Department of

(b) Quantum treatment of internal dynamics - 1 Energy, Office of Basic Sciences.
Also Rice University, Houston, TX.

rotation of molecule and motion of Rydberg electron.

(c) Electron-molecule interaction is approxi- References

mated by a cut-off dipole interaction with the form
3 1. (a) S. C. Preston, Ph.D. Thesis, Rice Universitv

**IRm /R m ] Rm) where R.is the electron distance (1984). (b) S. C. Preston and N. F. Lane, XIII

relative to the molecule, D is the molecular dipole ICPEAC Abstracts, p. 664 (1983). (b) S. C.
Preston and N. F. Lane, Phys. Rev. A (in

" moment and x(R) smoothly forces the potential to zero preparation).

" at certain Rm.

.. 
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ANGULAR MOMENTUM SHIFTS OF HIGH RYDBERG STATES BY TIME-DEPENDENT EXTERNAL FIELDS-%

Y. Hahn, K. LaGattuta and I. Nasser

Department of Physics, University of Connecticut, Storrs, CT 06268 USA

High Rydberg states (HRS) created by multiphoton where H, measures the interaction of a HRS electron with
%..

excitation or by low energy electron capture are sensi- an external electric field. For this system, we can

tive to small external perturbations. In particular, write the transition operator in the interaction repre-

such HRS ions can undergo serious changes in their sentatin, as

structure (nflm shifts) between the time of their crea- A

tion and their detection. Various 1-changing 1 4 and U +,t.)- U ) - (J-.,) 1+I+6
m-changing collisions, with or without the presence of

weak external electric or magnetic fields may occur. Of where

special interest here is the dielectronic recombination UL) t V=T E Hz'W)At' (2)

(DR) process, in which an incoming electron is captured it"

by an ionic target to a HRS, while one of the inner- and %
shell target electrons is excited. The cross section 4P L t .. ,H N

for this process has been measured
6 

recently in a coin- "

cidence experiment. Both the photon emitted by the For this example, it can be shown, using spherical coor-.'

inner-shell excited electron and the HRS recombined dinates for the Coulomb function k describing the HRS k-. .

atoms are detected. The HRS is detected by field-strip- that

ping. As the HRS atomic beam traverses the space

between the interaction region and the detector, it U (,-t:_ Stark representation. "

passes through several distinct regions in which electric F-*large ()' % .

fields have been introduced for the purpose of analysis, while , ... =..

A recent theoretical study suggests that these fields ratr 9

mav induce changes
8 

in the quantum numbers of the states UL*6tlj. rotation operator for 490
around the z-axis. (4)

that are being measured. .

We have formulated a time-dependent, nonperturbative In general, we will consider the rate at which H.

theory to examine the effect of time-varying fields on changes, and the influence of the rate of this change

HRS. Since the perturbations are often very strong as on the final state probability. A detailed numerical " -.

compared to level spacings between the states involved calculation will be presented for HI that simulates the

(e.g. for different t or m of the same n), the theory actual physical situation 
6
. The results should aid in

has to be nonperturbative. In the limits of both adia- interpreting the recent DR experiment, and may also faci-

batic and sudden changes in the perturbation, our litate understanding of other situations involving HRS.

general theory gives the correct limiting behavior. This work was supported in part by a DOE grant.

Consider a perturbation H I of the form given in Fig. I. References -

I. R. G. Rolfes et al, J. Phys. B16, L533 (1982). - "H 2. T. F. Callagher et al, Phys. Re-v. A17, 904 (1978).

3. D. g. Mariani et al, Phvs. Rev. Lett. 50,1261 (1983).
4. P. Pillet et al, Phys. Rev. Lett. 50, 1042 (1983) and

Phys. Rev. A30. 280 (1984).
5. R. C. Hulet and D. Kleppner, Phys. Rev. Lett. 51,

1430 (1983).
6. D. S. Belic et al, Phvs. Rev. Lett. 50, 339 (1983)and

G;. Dunn, ICAP Julv 1984, Seattle.invited talk.

7. K. La;attuta et al. Phys. Rev. 1.ett. (1985).

t2 8. 1). Richards, J. Phvs. BI7, 1221 (1984).L Z=vt -"'-
ti t t7tt, h v , .....,-

-x '_

Figure 1. A model HI(t) vs t-Z/v.
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EFFECTS OF ULTRA-LOW-ENERGY RESONANCES IN ELASTIC SCATTERING OF ELECTRONS BY ALKALI METAL A..\ ,

ATOMS ON COLLISION OF HIGH-RYDBERG ATOMS WITH ALKALI METAL ATOMS

Michio Matsuzawa- * + and Naoto Koyama"

Department of Physics, University of Toronto, Toronto, Ontario Cancda
+  

A.,-
Department of Engineering Physics- and Institute for Laser Sciences-,
The University of Electro-Communications, Chofu-shi, Tokyo 182 Japan

Using the free-electron model (FEM) based on the

impulse approximation (IA), one of us (MM) theoretical- I .
ly pointed out that an ultra-low-energy resonance in e- 1.5
molecule scattering causes an oscillating behavior in Kt( ll.f- K 8

the n-dependence of pressure shift and width of high- E, = 2.meV
Rydberg series perturbed by that molecule. Using this

approach, Kaulakys and Rabin and Rebentrost attempted 1.0 n- 2

to explain observed oscillating structures of pressure n-4)
2,2shift and width of high-Rydberg K*i(n S,n Di and 4

P...n S 2 series perturbed by their ground-state

4 9.
atoms for 15!n!30 in terms of the ultra-low-energy

resonance in e-alkali metal atom (M) scattering 2
theoretic-ally predicted by Sinfailam and Nesbet.

},w'v..r, two experiments
6
, recently performed on

the pr.,ss'ore shift and width of alkali-metal high- 50 75 100
Pylberg series perturbed by different alkali-metal atoms

t 7
do not seem to support the above-mentioned interpreta- FIGURE I Total cross sections on, and rate

tion because the oscillating structures do not depend on constant Vn(right-hand scale against theprincipal quantum number n., , .,""--"--'

'he kind of perturber but on the Rydberg series itself. prniplqunumnmbrn

This could .ome from the fact that one of the conditions T r/Tn(< is well satisfied around n=
7 5

. Therefore we

f .. IA . le, T n lis not well satisfied for this conclude that this can be used to detect the ultra-low-f ~ IA

range of n where 'r is the life time of the resonance energy resonance in e-M scattering.

and 
T
n is the period of electronic motion.

in order to detect the narrow ultra-low-energy References

resonance in the e-M scatterings, we propose to use the 1. M. Matsuzawa, J. Phys. B 8 L382 (1975),

nigh-Rydberg alkali-metal atom with the highest allowed ibid 10 1543 (1977)

2. B.P. Kaulakys, J. Phys. B 15 L719 (1982)
angular momentum A**(nt=n-l). The total cross section 3. Y. Rabin and F. Rebentrost, Opt. Comm. 40 257

of the At-- system 
0
nt (V) is expressed as follows

8  
(1982)

4. B.P. Stoicheff, D.C. Thompson and E. Weinberger,

Spectral Line Shapes ed. B. Wende (Walter de
Vi~t (V) ® )gnq(q

2
q
2
dq Gruyter, Berlin. 1981) 826 references therein

'e' g q5. A.-L. Sinfailam and R.K. Nesbet, Phys. Rev. A Z
1987 (1973)

where we have employed the Breit-Wigner type resonance 6. B.P. Stoicheff, D.C. Thompson and G,-X. Xu, 8th .LICAP, Gbteborg B 91 (1982) . ' -''

formula with some modification as the total cross 7. H. Heinke, J. Lawrenz, K. Niemax and K.-H. Weber,

section 0 for c-N scattering. Here V is the relative Z. Phys. A 312 329 (1983)
8. M. Matsuzawa, J. Phys. B 12 3743 (1979)

velocity between A-- and M, gn is the radial wave

function of the Rydberg electron in the (n,t) state in

the momentum representation, and q and v are the

momentum and velocity of the relative motion of e to M,

respectively. Expression (1) may be considered to be a

good approximation for high n such as n=
7
0. Fig.1

shows the calculated cross sections for E =2.4 meV and

r
r=o.58 meV (Ref.5). One sees that n,n1(V) has a single

peak at n=
7
5 which coincides with the value of n

r
estimated from Er =2.4 meV. The number of the peaks in --=-_

art (V) for each t state corresponds to those of 1g 2

and are smeared Out as Z decreases. The validity condition

.-.'..-..-................................ ....-...... ;-.-- . . . ,- " - -. , . .
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COLLISIONS OF Rb(ns.nd) ATOMS WITH SF , *

B. G. Zollars, F. Lu, C. d. Walter, L. N. Goeller L. G. Gray, K. A. SmithB. G. 
-olas F. In C.W .Stbig

F. B. Dunning and R. F. Stebbings

Departments of Space Physics and Astronomy, and Physics,

Rice University, Houston, Texas 77251 USA p.r-' -

". ... .-:- .

"; Ionization of highly-excited Rb atoms in -.

collisions with SF 6 proceeds via electron transfer - 6 - -

i* reactions of the type GT

*Rb*+ SF? R+ +SF- (1) EII
6 "4

One motivation for the study of such reactions is to 0 -
test the validity of the so-called "essentially- _" "

free" electron model. This model assumes that the Z

separation between the Rydberg electron and its 2 DAT, ndGO •DATA, n

associated ionic core is so large that both do not Zo o DATA; ns
simultaneously interact with a target particle. The 0 I .-- EQUATION (2) ; ns, nd

collision is then analyzed by considering only the L"

Rydberg electron-target interaction. The model .c I '

predicts that the rate constant for reaction (1) ( 20 40 60 8o

will equal that for attachment, by the same target, PRINCIPAL QUANTUM NUMBER n
of free electrons having the same velocity distri-

bution as the Rydberg electron. To further test Fig. 1. Rate constants for collisional Ionization .

in Rb(nsnd) - SF, collisions.
this prediction we have measured rate constants for

collisional ionization in gb(ns,nd) - SF, collisions6together with rate constants derived using the i -

fur values of principal quantum number n in the
express ion

range 38 to 84. Measurements at high n are particu-

larly valuable because the Rydberg electron-core w

k - f v a,(v) f(v) dv (2)
separation is large and because interactions between 0

-the product ions should be minimal, where f(v) is the Rydberg electron velocity distri-- .'

The present experimental technique Is similar bution and oe(V) a theoretical free electron

to that described elsewhere.
1  

Rb atoms contained in e
attachment cross section derived by Klots.

2

a collimated thermal-energy beam are excited, in the
The agreement between the Rydherg atom and free

presence of target gas and in zero electic field, to electron data is good, showing that studies with

a selected ns or nd state by two-photon excitation
Rydberg atoms can produce information on very-low-

" using the modulated output of a single-mode CW dye energy electron collisions. The measured rate

laser. After allowing collisions to occur for a
constants are relatively independent of n,

selected time t the total number N(t) of excited %indicating that at low electron velocitties e(v) is

atoms remaining is determined by selective field 
indicatng t naerelecro nloto v Is

approximately inversely proportional to v. The
ionization (SFI). Measurements of the time depen- present measurements will he extended to low n to

dence of N(t) at different target gas densities
look for effects due to) interActions between the

permits the rate constant for collisional destruc- product Rb+ and SF- ins.

tion to be determined. Our earlier measurements
1  

'

* showed that, for the present range of n, destruction

proceeds primarily through collisional ionization.
References

It is thus reasonable to equate the measured rate
I. B. G. Zollar, K. A. Snith and F. 8. %tviin,, 7.

" constants for collisional depletion of the total Ciem. Phys. .St ll 1 (1984).

Rydberg population with those for collisional
i2. C. K. Klots, Chem. Phyq. Lott'. Im 61 (1Q76).

., ~~ionizat ion......,..
Preliminary data are presented in Fig. I Research supp'rt-I bv the NSF ,"r rant "PHY H4-

05q45 and the Robert A. Wel h F und.t in.

.. . . . . . . . . . . . . . . .
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STATE-CHA.4GING IN Rb(ns,nd)-Xe COLLISIONS: PRODUCT STATE DISTRIBUTIONS. .

G. B. McMillian, L. S. Goeller, K. A. Smith, F. B. Dunning and R. F. Stebbings _

Departments of Space Physics and Astronomy, and Physics,

Rice University, Houston, Texas 77251 USA

The distribution of product states resulting -- ' ..-

from state-changing in Rb(ns,nd)-Xe collisions has

been investigated. Rubidium atoms contained in a " .

thermal-energy collimated beam are excited, in the

presence of target gas and in zero electric field, . .
to a selected ns or nd state. After allowing col- . """""

lisiuns to occur for a specified time, the product .

state distribution is determined by selective field Z

ionization (SF1). Typical SFI profiles observed for -

5
2

0), both with and without target gas pre-.
sent, are shown in fig. I. The feature labelled P

results from adiabatic Ionization of parent atoms, J I

while PI results from diabatic ionization u .

of Im i 3 collision products. The product-state

distribution is inferred by comparing observed P

profiles with those calculated
2 

for different

assumed final-state distributions. (e)

The P profiles obtained for very low (high) 75 I 125 I50 7"
'

target gas densities that correspond to single ELECTRIC FIELD (vcn-',

(multiple) collision conditions are shown in figs. F O at pFig. 2. Observed and calculated PI profiles.

I an n-state distribution equal to that calculated by

* ' NO APGET .%AS IGounand 2 
(3% n-52, 26% n-53, 65% n-54, 6% n-55) and

_J with individual states within each manifold popu-

f -, lated with equal probability (Fig. 2e).

F The agreement between the present results and
0_ the predictions of Gounand demonstrates that state-

< changing results primarily from transitions to the
2 n-manifold lying closest in energy to the parent

state, but that transitions to other neighboring

manifolds are also possible. The data indicate that
- p Th*P ET collisions populate states within each manifold with

r ESE'-
R essentially equal probability and provide no

.-), ,'J<- evidence of a propensity rule on the changes in I'ID? 4 80 120 ; ''

E.ETPlC FIEL[' % cm
-
' that can occur. Indeed, similar P1 profiles are

Fig. 1. SFI profiles obtained with and without observed under both single-collision conditions and
target gas present. conditions where further collisional state-changing

of the product is expected. Data for other s and d r
2a(b). Figure 2 also Includes P profiles calcu- states lead to similar conclusions. r - -7

lated assuming that: I) collisions populate states References

in the adjacent n-54 manifold of higher-I states 1. F. G. Kellert, T. H. Jeys, G. B. McMlillian,

with the populations in individual 1ml states being K. A. Smith, F. B. Dunning and R. F. Stebbings,
Phys. Rev. A, 23, 1127 (1981).

linearly weighted toward low Jml (Fig. 
2
c), ii) 2. F. ounand - private communication.

collisions populate each state in the n54 manifold 
t
Research supported by NSF under grant #84-05945 and

with eqtial probability (Fig. 2d), iii) collisions the Robert A. Welch Foundation.

populate states in several adjacent n-manifolds with

......-.. ........

.......-.. *• ... .. ..-.-... . .I°.... -
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STATE SELECTIVE LASER DETECTION OF RYOBERG ATOMS

V. Lange, U. Eichmann, G.A. Ruff and W. Sandner

Fakultit fur Physik, Universitat Freiburg, Hermann-Herder-Str. 3, 7800 Freiburg, West Germany Iva

Atomic Rydberg states have for long times been 'S.-

predominantly studied using highly selective laser 100- '

excitation techniques, whereas recently they also gain

increasing attention as final products of particle II .

collision processes, e.q. "n dielectric recombination or

electron capture experiments. This raises the need for

an accurate and efficient method to detect and analyze

atoms in unknown high Rydberg states. We demonstrate "\

that laser excitation into autoionization states is not. , -

only a highly efficient detection method, but can also 0 -
2 5 3 0 3 2 3 5 4 0 4 5 *" , ' .

be extremely state selective.

For the method to work the Rydberg species (atom, Fig. 1: Transmission curve of the Rydberg Filter.

ion, molecule etc.) under consideration must have a

strorg core transition, which can be driven by tunable are excited to an autoionization state and are thus

lasers. Detuning the laser from the center of such a destroyed. The number of remaining neutral Rydberg atoms

core transition exhibits characteristic variations in in state no may subsequently be determined from the

the absorption cross section 
1 2

. In particular, the autoionization electron signal of a "Probe Laser", tuned

cross section vanishes periodically in energy. It can be to the center of the core transition and thus exciting

shown that the energy spacing between the points of zero all remaining Rydberg atoms.

cross section is, to first approximation, merely a A first demonstration of the Rydbero Filter is given

function of n*, the effective quantum number of the or. fig. I. Shown is the "transmission curve" of the- ,.

initial Rydberg state, which can thus be measured, filter, i.e. the fraction of Barium Rydberg atoms in

Taking into account the effects of higher order various nd-states after firing of the selection laser,

corrections (arising from long range polarization which was tuned to select 6s32d states. Initial Rydberg. .. -

potentials of the core) we were able to directly measure population was 100 in each statp. In contrast to " '",.e"fetv unu ume fteBru 6s42d(ID)
the effective quantum number nD of the Barium electric field ionization the selectivity of the Rydberg

state to a relative accuracy of few parts in 10
-4 . 

It is filter in this range is sufficient to clearly distinguish

important to point out that this n* determination is between single n states. Most of the deviations from the

insensitive to channel mixing effects in multi electron ideal transmission curve T~n) n 32 result from the

-" Rdberg systems, and requires no explicit knowledge of finite bandwidth of the laser, 0.33 cm- . An exception

the ionization potential of the system. Therefore, it is the large fraction of kydberg atoms in the n=41 state,

iay n turn be utilized to determine the ionization which originates fror
" 
at, accidential coincidence of zero

potential of complicated systems, a method which is absorption points for n 32 and n-41. Such unwanted

currently investigated in our laboratory. coincidences are expected to occur periodically in n for

For the quantitative analysis of ensembles of atoms n no , however, thei', influence on the filter

in different Rydbero states n, as they frequently occur selectivity can be elim;inated if electric field

i, collision experimients, we have developped the ionization is used for a coarse presele, tion ,f the n

Sfollowing scheme of a "Rydberq Filter". It is based on range under investination.

two observations:

a) Cross section zeroes in the "sidebands" of the core References

transition Occur at different eneriies for different I. N.H. Tran, R. raoru and 7.F. Gallagher, Phys.Rev.
A 26 ( 1 9,12 30 16 ' ' J

Rydberg states n (more specifically: for different n*). 2 s.-.Bha 3016
2. S.A. Bhatti and ..E. Cooke, Phys.Rev. A Cm 19i2) 7 5r,

b) The cross section between the zeroes can always be

saturated (100 . excitation to autoionizing states2

Hence we can find laser frequencies for a "Selection

Laser" at which all but one particular Rydberg state no

- -.-. m_"',.a'~.~'.** . ..............................
. . . . . . . . . . . .. . . .. .. -. ..

.. ... ~~~~~~... ...- . .. .. .:' .. L, .T[ ... ;.'. " ".. ...... ....-.-..... •........... - ... ,.-.
°.'--.-;... . ......... ," " " """ " " " .. * . ... '" ..- --............... ..... . ."
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9,-LAYED EMISSION OF 2p-ls AND 3p-ls X-RAYS FROM 40 MeV Ne IONS IONIZED IN A THIN CARBON FOIL . ,

J. Pilink~s, R. J. Maurer, and R. L. Watson

Cyclotron Institute, Texas A&M University, College Station, Texas 77843 USA

A significant fraction of a beam of MeV/amu and 2.44 for 2p(
2
P)-Is(

2
S). These results, when

projectiles incident on a thin foil emerges with compared with the theoretical decay curves
4
, support

electrons in high Rydberg states, and these elec- the assumption that the different 1-states in a given

trons may subsequently cascade down to low-lying np n-manifold are populated uniformly.

states. In ions having zero or one-electron cores, The measured decay curve for the H-like 3p-ls

this process ultimately results in the emission of line gives a larger slope (b = 1.95) than those for

delayed np-Is radiation at large distances from the the 2p-ls transitions. Electrons cascading down from

foil'. These delayed x-rays provide important Rydberg states feed the 2p and 3p states through

information about the population mechanism of the different channels, and the 3p-ls/2p-ls intensity

Rydberg states, whi:h - as recent studies
2,3 

have ratio must also reflect the initial 1-distribution of

shown - are not yet fully understood, the Rydberg states. The measured 3p-ls/2p-ls inten-

In the present study, the K x-ray spectra of sity ratio as a function of distance behind the foil,

Ne projectiles excited by passing a beam of 40 MeV when compared with theoretical calculations
4
, shows

Ne
2  

ions through a 50 Ig/cm
2 

carbon foil were that both the absolute value of the 3p-ls/2p-ls ratio .. -

measured at various distances behind the foil using and its dependence on the distance behind the foil

a Johaisson-type curved crystal spectrometer equip- give good agreement with the assumption that the~Isae aurve uniforml speproleerteuip
ped with a rubidium acid phalate crystal. The He- 1-states are uniformly populated.

like ls2p(
1

p)-Is
2 (IS), H-like 2p(

2
p)-Is(

2 S), and H- Previous measurements performed with 16 MeV 0

like 3p(
2 p)-ls(

2S) transitions are dipole-allowed and 127 MeV S projectiles indicate that in oxygen

with lifetimes of less than 0.6 ps, but even at I cm mainly low angular momentum states are populated,

/i.e. 0.5 ns) behind the foil, considerable inten- whil in sulfr, hinn 1-states a' ppulted prefer-

sity is still detected for these short lifetime ential'y. This apparent change in the 1-distribution

transitions indicating that electrons are cascading from 0 to S will1 be d iscussed.

from very high n levels. In addition to the decay curves, important struc-

tural differences in the prompt and delayed x-ray

2p-Is' 40 MeV Ne spectra (e.g. the nonstatistical ratio of the inten-

I ci-b sity of the He-like (Is2p)
3

p I - (Is 2
)lS and (Is2p)

2
P

6.s2p('p)- - (Is
2 )IS lines, and the absence of Is212p-1s

2
21,

2121-1s2], and 2pnl-lsnl satellite lines in the

" oi delayed spectra) will be discussed.
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law
4
, where b is equal to 1.35 for ls2p(IP)-Is2(

I S)
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Observation of "Stark Beats" in Gas Excited 100 MeV Ne
6+ 

Ion Beams

D. Schneider, W. Zeitz, G. Schiwietz, N. Stolterfoht

and U. Wille

Hahn-Meitner-Instiut fUr Kernforschung

1 Berlin 39, Glienicker Str. 100 % .4

100 MeV Ne
6
+ ions are excited into high hold field it follows for a core charge 6

+

Rydberg states following the impact on a that principal quantum numbers for the field

He-gas target. The effect of a transverse ionized Rydberj states are in the range bet- M..A
electric field on the Rydberg states is ween 100 4 n < 150. The lower limit corres-

investigated by measuring the integral field ponds to the spectrometer field required to

ionization yield in an additional constant analyze beam-velocity electrons

electric field
1
, Strong oscillations are T

observed in the yield as function of the1

field strength. The experimental arrangement -1
is similar to that described in Ref. 2. A 8.4

tightly collimated 100 MeV Ne 6 beam tra- o"

verses a qas cell and a well-defined trans-

verse electric field which is located down- :1 4..
o

stream from the target. Exiting from the u 7ooMeV"N6+on

field the beam passes through a 45 parallel

plate electrostatic electron spectrometer -o-90 1'21..
where Rydberg states are partially field Field strength (V/Cm) 10

ionized by the spectrometer field. A tandem Total and differential electron yield from

spectrometer as described in detail in Ref. 3 field ionized fast Rydberg atoms as function
was used in order to reduce the background, of field strength (transverse field after

Fig. 1 shows a spectrum from 100 MeV Ne 6+  target).

incident on a He gas target. The spectrum The main observable period in the spectrum

shows a decrease in the total yield with is about 30 V/cm. This period cannot be re-

increasing field strength and a superimposed produced with predictions based on the model

oscillatory structure. The differential given in Ref. 2 for the case of foil excited

yield curves are plotted in the inset.An ions. This disaoreement suggests a modifica-

attempt is made to aualitatively interpret tion of the model. A time differential

the results on the basis of a model which has measurement could in qeneral show oscil-
outlined2 for foil excited ion

been outlined lations if the orbital freauency is compa-.

beams. rable with the interaction time. A possible

In the case of beam foil excitation it was picture is that the "beats" are due to ,-
found

2 
that the high Rydberg states may in- field induced oscillation of the population

elude coherently excited superpositions of of continuum and Rydberg states.

Stark levels. These levels have been infered

from the observation of an oscillatory struc- 1) E.P. Kanter, D. Schneider, Z. Vager, D.S. .. ,.

ture superimposed on the electron yield cur- Gemmell, B.J. Zahransky, Gu Yuan-Zhung, "

yes as they result from the field ionization P. Arcuni, P.M. Kocn, D.R. lariani, and

of the high n states. An approximate value W. Van de Water, Phys. Rev. A29, 583 " -

for the threshold field is given by (1983) .. , - , -

n4 • Fc/Z3 . 1/16 a.u.; this is the assumed 2) Z. Vager, B.J. Zahransky, D. Schneider,

threshold field for ionization of one-elec- E.P. Kanter, Gu Yuany-Tnuana and D.S. ...

tron atoms or ions by a static electric Gemmell, Phys. Ray. Lett. 4b, 592 (1982)

field. From the relationship for the thres- 3) A. Iton, D. Schneider, 7. Schnoiner,

T.J.M. Zouros, G. Nolte, G. Schiwietz,

W. Zeitz, N. StcItorfoht, Phys. kev. A31,

53" (1985) ,.

~~~~~~~~~~....,..,o.. .... ,..... .... . . °. . .... ... °°. ..
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OPTICAL COLLISION SPECTRA FOR Na-Ar BY THlE QUANTUMl COUPLED-CHANNELS IWETHlfiD

e.-

% F. Rebentrost

J.

Max-Planck-Institut fur Quantenoptik, D-8046 Garching b. Nunchen, West Germany .

The absorption of nonresonant photons outside the

impact region of a spectral transition occurs during

* collisions with the perturber gas. This correlation12

btween the atomic excitation and the collision dynamics

e.g results in a breakdown of the factorization appro- 2 1
xmation known from the theory of collisional redistri- rl

hution of light. Particularly interesting is the aspect E 0 - -- -

of a spectroscopic investigation of the collision dyna- AT1 2

mcs by the information contained in the intensity and

polarization of the fluorescence after a far-wing ex- -o

citation of collision pars1-3. In the limit of zero- A T1
perturher pressure the observables are directly related______________________

to the frequency-dependent optical collision cross 8 12 16 20

sct ions. RC.u

te Recently we have made much progress in developing FIGURE 2 Long-range behaviour of the excited Na-Ar
tequantum methods to calculate optical collision potentials after Dilcen et al.6

spectra. This allows to perform such calculations for a

large range of detunings and collision energies. As an

example, Fig. I shows the thermal-averaged relative the calculation a clear aind quantitative picture is

fluorescence intensity from the two D-lines following derived ' n the roie of the various zouplings that de-

fa-igexcitation of Na-Ar collision pairs. With re- termine the final outcome of the collision during the
spect to earlier results for a single collision energy ,dissociation of the collision pai,;. For example the

the improvement is mainly in the red wing, that depends behavior of the D0 excitation probability at l',rge

most sensitive on the energy requirement of the colli- detunings in the blue wing reflects the energy de-

sion. Excellent agreement with experimental data re- pendence of a nonadiabatic transition ivvolving th-

ported by Havey et. al. 
3 
is found. From the analysis of BI and A n11  states (Fig. 2).

to0 A detailed discussion of fluorescence depolari-

zation under single-collision conditions following from '

Dt.0 2  this calculation has been given recently .-...--
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FAR INFRARED ABSUKPTION IN H 2 , ANl4IN MIXTURES O.F ii. iITH H, 'N", Ch..Ar,e

INDUCED BY BINARY CULL1SIONS*

Lothar Frommhold, Aleksandra dorysow, Massimo Moraliti,**

Physics Department, University of Texas at Austin, TX 78712,

Faclibereict, Chemie, UiniversitaL Kaiserslautern, F.R.G.,

and George Birnbaum,

National Bureau of bt.ndaras, Gaithersbur6 , MD 20899.

ttydrogen ,H) and he,1LIM kHe) arc non-polor and do not may help to understand unexplained features of the e

* have anl infrared dipole spectrum unless some perturbation Voyager Titan spectra near the SO (.) line center of

*inuuces one. Lit H-X LoIIISIUIIS, WietL X may be He or hydrogen. TheSL fe-ture-s have attracted special

0n(tiker h,' LranSLLIlt dipoics occur which giee rise to attention recently. Dim,r structures in H 2 -N, are

coliiun-iniduced infrared lbsorption ill thte far similar, but different f rom ti~e structures o f til

infrared. Translational oid rotational Spectra art, yrge ie (( 2j)) ci~ uier~l ~un
ubserveu WIILCh are KIlOWn for some time. We prosen_ nerc "atMOapiere.5 The hydrogen dimer featurvs involve the 1-2 ~

*tLue tirst ab illieco CUowPULLiuns of Lte incuced dipole and 13 acattering resonanlces 0 f Ltc frc pir

* comp,,nvnts obtainea witht hi~tliy correlated wavtefunL-

toos,
1
to boh ystms ,1-H an h-nc Te mstOther systems of interest for Titin's atmlosphere

*importailt inaucced dipo~e components arise from at, of course, Nj -?*2 .,nd H -Ar which ;e will also

poidricatit. of the cililial paltner Inl tie quadrupole consider.4 For t he first time, coilision-inducedi

licd o to h2moccul, nd ot -H colisonsan rotational spectra .rec obtaincd for th, se systems with

isoctopte dipoce componetnt. ale to eleCtron eXchange. the help of a quantal formacisin which accounts for the

-CaC u~spersioin lpoleb ate also evident, as, well as anisotropy of tnv interactio, putenti..1. All previnou

aneisotrop;ec overiap andl hixadecapole-indueed Components. work was done with isotropic potel.i.1is nd the role of

* dsedon nes c~cuatins, ando~laectat sei- te anisotropy was not weil anderstood. Especially for

emorca ntratonpoenios w cmpt te r nitiogen the anisocropy is considcrable. and h

infrred traslaion. roacii. bsortio spctt of SystemaLic investigation of the role o1 the nnisntropv

these sysIVtems at the temperaturesi from 77 to Tuj K for frcoisna idutn 05otbentrld

wici accurate measurements 01 suchI spectra exist, For
H~ip tle omprisn o tie a intio iin shpe *Tlle support of till Nit ionl Sc ience Foundaition, g nt

;umu~aion WIli ill mesurmens siow gtumnl.tro u AST-6alUwhb is gratefully aCenowledgec.

Lo i,200 CM1 L. the e,.& level, on an .bsolute intensity
**Un elav, from :ie physics Dep.:irtmcnt , Univ.rsity of

saiv, no0 adjustabic param11eteCs ore useu. For h,-Iiv, Ltt

oIremcnt c. 11Lie Wtasocemlleilt[Ss nuri as 6oai_ 1,2 , Feotet'c, a ly.

SU1LlbdlUL cOMPUL.tIoI o f these spectra from 'I I

tui,,-menL.1 .11thory is 51501iineI for til mode ling of lte~

1. W. Meiy r , L. ironmiond, G. bi rnbun, it pr pITttin.
atiUSpit-h (i 1 ile OUtet p,anets, whicii is possible witr.

*prCis1i even .t hie Low temlperatures 01 tt, G . . Sirtib,,urr .. IJ, A. D., cri.. 1_ yrrnml.o!

* ~~planets lot which, no .abv(7aLOry measurements LXiSt.
1  

.. IiiP~s .c.2,55 hc,

3. J. tsorysow. L. irat to,, L. Vrorin.i, I.ir

,ie bin-ry speetra ut otLi.r s.ystems, cue ii as H -: a.y. . ot.A.

0111 h. - -n*la at preSet not be modee-o wit,. conparab- .A oyoL i rp,. i

115Cr Uvcatle Lite elite I 10l1. POcent b ats 11,lot. S, .41.

i,nulw,i, and 110 at. lini.io deh)Ol .ceelltol lis; P J. i.

1.boratory spectra w r.. oteld tor til ti N, SySL,-m cci .h in 0 . . p.p ti

tie ht nt rared. ihes, sysL,...s ,re- oh iiLterest lor Il1i

1nterpj-taiicll 01 the tovagelI lhla s eee.. 01 ILL,.

plevsent quneum ca-,J,aT .b Ot our best cStk~, mA.

these spcctr.. -,hl LonputatiOI;s alet, s otl r,ill!LM E -
quadrupole, Octopole .1'.a thixadecaIpoic i Ild-~ L -11l

ineltrltLnK maeoretLie
0

, dillie Iealulcs ale obt-O-cd iI
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TRANSITION PROCESS UNDER INTENSE LASER FIELD:a .
1 0 2 1 2 11

Sr ts5p P'11 - Ca(4s -S 0) - Sr(5s S, Ca(3d4p F *-.,
0 3

Hideki Yagisawa

Division of General Education, Takachiho University
2-19-1 Omiya, Suginamiku. Tokyo

IA

arg a-oun of studies concerning laser induced

x e.t : r. vaI IY. h e cror setion

I.2:C- i -L, ,:natb wt the field tn

isr is udrtoouad by ithe per

TsV 1 d v i ree states:/

2 -3

-9 ar at-I tates~ show inh iq8 1

~' the enrg ffrna.iie

Fr: FIGURE 2 Several examples of S 3 7 A: v=11) -r/sez, B:

V=0cm /sec and c: 10 cm/sec.

Alarge lmtof U the cross section S3 roughly
Idetuning freq. 23haiesa

B 83 3d~p IFO chne a1.5 6/5

p -- did not consider the detuning frequency effect which is

controversial in that theoretical works differ from ex-

periments. Our method produces same result with other

B 2 I theoretical works.
B 4s 0

Cr

Refernces
Fl,]URE 1 Energy diagram of the system

1. S.E.Harris et al, Atomic Physics 7, D.Kleppner and
F.M.Pipkin, eds. (1981), Prenum (Proceeding of VII-th

Fj -e~r--r -roposei previouslly 3the cross section 3 International Conference of Atomic Physics), pp.
3 407-428, and refereaces therein.

,f-nc rnsto from If,> to If )is obtained as 2. L.I.Gudzenko and S.I.Yakovlenko, Sov.Phys. JETP 35,.-

877)19721.

*3 -912v 23 3. H.Yagisawa et al, Phys. Rev. A29, 2479(1984). -. ..

- ~ 23
and is a effective frequency( dimensionless) and is %\*-

S-co comp'licated to be explained here. In the expression

above v is the relative velocity, L. is a impact pars-

meter to make Q zero and g is the constant part of

dipole-qua irupole interaction U 2 3 .

. . . . . .. .... J.
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LASER ASSISTED CHARGE TRANSFER REACTIONS IN SLOW ION-ATOM COLLTSIONS:

COUPLED DRESSED QUASIMOLECULAR-STATES APPROACHES*

T. S. Ho, C. Laughlin and Shih-I Chu'

t
Department of Chemistry, University of Kansas, Lawrence, Kansas 66045

M, athematics Department, University of Nottingham, Nottingham, England

Jont Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 80309 USA

Semiclassical coupled dressed-quasimolE.ular- mainly by the resonant laser field, yielding a new %

states (DQMS) approaches will be presented for the non- set of coupled equations (neither adiahatic nor gla-

perturbative treatment of charge transfer reactions at batic) which provides additional advantages for multi-

low collision velocities and high laser intensities, channel calculations. The coupled CVV-DOMS apnrnach

. The DQMS are first obtained via the Floquet theory.
1  

has been recently applied successfully to a detailed
+3

The laser assisted collision process can then he study of the laser-assisted process: L14 + is) +

* treated as the electronic transitions among the DOMS f. - Li+
2
(n-3) + H

+
, using the two-, five-, and IS-

driven by the nuclear motion only. The expansion of DOMS basis. It is found that while the five-state

the total electronic wave function in a truncated DOMS results agree well with the IS-state calculations

basis results in a set of coupled adiabatic equations. even up to very high intensities (1 in, TW/cm
2

),

The adiabatic DQMS and their associated quasienergies the two-state model is much less satisfactory at high

(depending parametrically upon the internuclear separa- intensity and lower wavelength regimes, indicating

tion R) exhibit regions of avoided crossings, where the the importance of including sufficient channels In

electronic transition probabilities are large due to the treatment of complex charge-exchange reactions

strong radial couplings induced by the nuclear move- in the presence of laser fields. Our coupled OM-

ment. By further transforming the adiabatic DQMS into studies further reveal new dynamical features for the

an appropriate diabatic DQMS representation, defined first time such as the nonlinear dependence of the

via the vanishing of the aforementioned radial coupl- charge-ex0'ange cross sections upon laser intensity

ings,
2 
we obtain a new set of coupled diabatic equa- and impact velocity, etc. Detailed results will he

tions which offer computational advantage.
3 

The method presented.

will be illustrated by a case study of the laser as-

sisted charge exchange process He
+ 

+ H(Is) + 6- i *Supported by DOE and ACS-PRF.

He+(n=2) + H
+ , 

in a two-state approximation, for the ':JILA Visiting Fellow (1985). Permanent address:

velocity range from 1.5 110 5to 2 10 cms and for Dept. of Chemistry, Univ. of Kansas, Lawrence,
Kansas 66049.

• the laser intensity in the range of 0.4 to 4.0 TW/cm
2
.

Also to be presented is a further extension of References

, the coupled DQMS approach, incorporating the implemen- 1. For a recent review, see 5. I. Chu, Adv. At. mol .

tation of the generalized Van Vleck (GVV) perturbation Phys. 21, xxxx (1985).
theory.

4  
The GVV technique allows block partitioning 2. F. T. Smith, Phys. Rev. 179, I1 (1969); T. r,.

Hell and A. falgarnn, .1. Phvs. R 12, 1.5S7 (lq79).

of the infinite dimensional Floquet Hamiltonian to a 3. T. S. Ho, S. I. Chu and C. Laughlin, I1. Chem.
Phvs. RI, 7R8 (lqR4).

finite-dimensional model DQMS space, thereby reducing 4. B. Kirtman, .T. Chem. Phys. 45, 389n (iQ68); P. R.

greatly the number of coupled channels for more complex Certain and .T. n. Pirschfelder, I. rhem. Phvs. .2,
5977 (1q7n).

systems. Furthermore, the GVV-Floquet basis minimizes 5. T. S. Ho, C. Laughlin and . I. rhu, Phys. Rev. A

the part of the radial coupling matrix that is provoked (suhmitted
1
.

....... .....

,, o .. " .
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SATELLITE SPECTRA IN LASER ASSISTED CHARGE TRANSFER COLLISIONS

Y. P. Hsu and R. E. Olson
Department of Physics, University of Missouri-Rolla, Rolla, MO 65401 USA ,

A six-state coupled-channel calculation using the 0•0[

molecular-state expansion method has been performed on .

the laser-assisted charge transfer reaction •.

+ Na - H(n2) + Na+. We have used a collision

velocity of 0.002 a.u. and a laser power density of - 0.07

1 (;W/cm in the calculations. The computational c

method has been described in detail in a previous 94 _ _,::

*paper.

The potential energy curves of the Born-

Oppenheimer molecular states of NaH+ are shown in

Fig. I. For the laser frequency range of interest.

the main charge transfer contribution comes from 3.0 5.0 7.0 9.0 11.0 13,0 IS.0 17.0 19.0 22.0

l?-2Z transitions, with a secondary contribution R (e. u. I

coming fron L-57 transitions. At low collision Figure 2

velocity, the transitions will mainly take place

around the stationary points where the photon energy points and enjoy some success in explaining the '.., "

matches the difference potential between initial and satellite spectra in molecular emission. They pro-

final states. The difference potentials between 1" duce unsatisfactory results here. A new expansion

and 2: and between the I and 57 states are shown in about the satellite point, the results of which are

Fig. 2. Note that the curve has an extremum at represented by the solid line in Fig. 3, fit the data - r-. . .

R 13.82 a.u., the satellite point, with a magnitude well. The details of the calculations will be pre-

°f 21 (Rs) - s 0.0473 a.u. For a laser frequency sented at the conference. :' - '

of there exists two stationary points,of1 "s' 100. 0 /

R and Rcb, while for' < ' there exists no sta- - ="----.- --,

tionary point. A greatly enhanced cross section is I " "

realized for .s, due to the coherence effect of la•00 - / " -

0.051  E
_ //,

1.00o. o6 !o" "" "-' '-"

- \ \ I rT .-.,--v" : .:41 N.a0P r-0 05' 64 0. "10'-

- ', H (_2) 0.01 L _ ' _ _ _'_ _ _ .

-0.1is 0.040 0.045 0.050 0.055 0.060 ~
0J (A. U. I _____.

11 Figure 3

I Work supported by the Office of Fusion Energy, U.S.

-0.0 10.0 20.0 30.0 40.0 Department of Energy.
R (. u.I References

Figure 1 1. Y. P. Hsu, M. Kimura and R. E. Olson, Phys. Rev.

A31, 576 (1985).
The computed charge transfer cross section to

the 2- state is represented by triangles in Fig. 3, K. M. Sando and J. C. Womhoudt, Phys. Rev. A7,
1889 (1973).

where it is plotted against applied laser frequency.
3. See R. J. Bieniek and T. J. Streeter, Phys. Rev.

The dashed line in the same figure represents aA28, 3328 (1983) and related references.

Sando-Womhoudt type approximation while the dot-dashed

line represents a Uniform Stationary Phase Approxi-
3mation. These two approximations are based on an

expansion of the phase integral around the stationary

.%:.-. .-.
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NON-LILE iM Y ,,sL' iiitT,., .. ..=. I . ,,,.,. , k

CHAA49 MA S?& 11% H .IV

V S. Ganguly, K. Aai Dastidar and 2. Y.. ni ;aEtidar, ,... . ,

Indian Association for the ultivation of zcience. Ca2.cutta 7Lc'.32, IIDIA

necently1 we demonstrated theoretically are shown in the figure. rhe effect of .-. "

the effect of a single-mode laser field on increasing the bandwidth (upto 50 A) is ,.-. ,

He+-He charge transfer collision. In the found to be LargJn.l and undetect.ble in the

present work we include the following two scale of the figure. .-e wish to present

effects not considered earlier aetailed results of the laser field effect -

(i) 1-hoton correlation effect due to a uron the char-?e transfer cross-section at
the conference. :...'%

finite bandwidth of the laser, which is supp-

osed to be "on" durin- the entire collision -. -

process, and ""'

(ii) Non-linearity effect due to multiple-

photon er.ission/absorption by the colliding

system. " '

Within the impact parameter formalism, - .

:he coupled equations fo.: a two-state quasi- \ -

molecular diabatic representation
1 '2 are .e 

"

set up in the form \\\\ '." .-. J

.. (t) 2 r_ /W s  .

A 6 -L1 eoi/
5f - C .t

+ Ar+1 Nl e jjjiufdt x ~ phase factor

Wr 1/2 Impact parameter times charge transfer

Here A. is the occupation coefficient of the probability plotted vs iLpact parameter.
ate ith oLaboratory ion energy = 300 eV. Full-linei-th state with r photons absorbed from the curve, field-free results; broken line,..-...%

fiedi "  d iteingle-photon emission/absorption; chainfield, D ij =f4J[r1Hel ]  , and 1(6)) is the"-.'-.'"
line, nonlinear (saturation) emission/

frequency dist;ribution o the intensity centered absorption at a wavelength of 500u a and
around 4e with a bandwidth 6. to marks the intensity lO 1 4 /cm, with chosen

instant at which the boundary conditions on A parallel to the particle trajectory.

are known. Linear polarization along 9 is
assutlea. iiote that the rotatinC-wave appr.oxi-
mation used earlier

1 has been dispensed with. aeferences
1. .;.Ganguly, h.-<ai Dastidar and f.i..-.ai

lutting 4(W) - B() and taking the frequ- Dastidar, khys. ev. A (to be published)

ency denominator out of the 0-integral, we find 2. T.i.,iai Dastidar and D..ai lastidar, i.-
that the latter gives, as an inverse 2ourier Chem.1-h.rs.Letts. 85 22 (1,82)

transform, the electric field with the first-

order photon correlation built in as determined

by the frequency distribution I(wO). AssuLing

a Gaussian lineshape, we solved the equations

for values of r upto 1,2,... till 'saturation'

i.e. the full non-linear photon emission/

absorption effect showed up in the charge '.

transfer probability, which is obtained by

summing over all r.

xepresentative results showing the onset

of saturation on the charge transfer probability

.l.,o-.w

-.... .. * ..-... - . : .
:-.T :.':- '. L : : . .L -. -':-': .:.: .:-.'-"; :-: "T.':.;.:;':-;:-"' .'.-:' :'-:'-i'-' .'i-'; T;-: -)-i: :;'T;.i'- -''.
.... i= . ... ... . . " °" = : "" . . . ." " ' " - -"- -"' " -" "'"" " " : '" ' " " - ". "
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COMPARISON OF Na
+ 

ION PRODUCTION IN 100-2000 eV [He+/Ar
+ ] 

+ Na(3s, 3p)

COLLISIONS USING CROSSED LASER, ION AND ATOM BEAMS

C. R. Hummer, A. Berlin and W. W. Smith

Department of Physics, University of Connecticut, Storrs, Connecticut 06268 .

[. We have constructed a crossed beam apparatus,

[-' shown schematically in Figure 1, for studying ion-atom .,

collisions with laser-excited atom. The apparatus

incorporates time-of-flight mass analysis to identify

the product ion species and uses a commercial single-

mode ring dye laser to provide stong steady-state

*-. excitation of the Na atoms at 589 nm on the F=2 to F=3

hyperfine transition. To date we have obtained data

using He
+ 

and Ar
+ 

projectiles on a beam of Na atoms. - .:.' .

U...

FIGURE 2 Time-of-flight spectrum of the ions produced '1J .... J= -

~~~~in the present experiment (with laser off). -''-""
' T~~~he spectrum shows a large helium peak caused ""-"'-J

J •. -oft %

by resonant charge transfer and a peak from.--.,...
water. Both of these gases are present in the ,.',s..

FIGURE 1 Schematic of triple crossed-beam apparatus for chanter as a background gas. It is also seen

studying ion-beam collisions with a laser- that a peak due to sodium is well resolved.
excited atomic beam under single-collision
conditions. A low-energy lOOeV - lO00eV ion On the basis of level-matching considerations and

beam intersects the polarized laser beam and prior energy loss studies
2, 

it seems reasonable to assume
perpendicular atomic beam, between a pair of + "-. -
parallel electrodes. A 30-volt pulse is used that the primary production mechanism for slow Na ions

to collect the accumulated slow target ions. is He
+ 
+ Na -* He(lsnl) + Na

+ 
quasi-resonant charge *'-'--

Preliminary data for 250 and 500 eV He
+ 
+ Na transfer rather than direct ionization at the energies

suggest that laser excitation to the 3p state with we are using. The present experiment does not determine .-4.

circularly-polarized light perpendicular to the incoming the state of the helium atom after the charge exchange

ion beam reduces the Na
+ 

ion production signal relative collision. It is expected, however, that a large

to the 3s state signal with the laser off. This effect portion of these atoms are in the 23S or higher states

is particularly clear at 250 eV and is less pronounced as shown by Reynaud et al. We are in the process of

at 500 eV. We are presently continuing these measure- performing further experiments to pin down the collision

ments at lower energies and making a systematic study of mechanism in more detail. Preliminary indications show

Ar
+ 
+ Na(3p) collisions as well. variations in the slow ion signals depend on the laser

The laser was locked to the peak of the florescence polarization. These alignment/orientation effects on

from the sodium beam by using a slow feed back loop. the charge-transfer process are being studied system-

An error signal is fed back to the laser, to center the atically. .--.-..

frequency of the laser to the peak of the florescence. RThisuenechnique wasued by hePerof. Hete' groupsnce References - .. "._

This technique was used by Prof. Hertel's group at I. C. Reynaud, et al., Phys. Rev. Lett. 43, 579 (1979).

Berlin in a similar study of Na
+ 
+ Na collisions. 2. A. Bahring et al., Z. fr Phys. A 312, 293 (1983).

This work was supported by the National Science Founda-

tion and the Univ. of Connecticut Research Foundation. .

..-.. .. . . .. . . . .
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CHARGED PARTI LE SCATTERING IN STRONG STOCHASTIC RADIATION FIELDS

+4 +0
7t. Daniele , G. Ferrante , F. Morales

° 
and F. Trombetta.

Istituto di Fisica della FacoltA di Scienze, via Archirafi 36, 90123 Palermo, Italy.

I-tituto di Fisica della FacoltA di Ingegneria, Parco d'Orleans, 90128 Palermo, Italy. % %",'4-

this work we consider the theory of cnarqed par- field-assisted electron scattering by a screened coulomb % -

ticle scattering by a static potential in the presence of potential, treated in the first order of the scattering

strong Markovian stochastic radiation fields. Two models potential. Fig.s I and 2 anticipate some of the results >- -

of such are considered: (a) the phase diffusion model which will be presented at the Conference. Tne incident

(PDO), in which the field undergoes only phase fluctua- particle beam energy is taken Ei = 100 eV, the laser

tions, it corresponding to an intensity-stabilized single photon energy hw = 1.17 eV, the field intensity I 1.. -.

mode laser; and (b) the chaotic field model (CH), irwhi(-!, W/cm 2; the field bandwidth is choosen such that the ra-

the field undergoes both amplitude and phase flutuatio.is, tlo Aw/ w O and 10
-

.

* it corresponding to a pulsed multimode laser with a large

i' number of uncorrelated codes.

The scope of this work is two-fold: (i to learn how

are changed the cross sections in comparison with those

• obtained within the ideal, single mode model of a radia-

tion field; and (ii) to investigate the role of the field

statistical properties in highly nonlinear domains of

particle-field interaction. The consideration of the sta- .

tistical properties of strong radiation fields adds a new (-a

dimension of the field-assisted collisions, as in several i Z- 0"i J

case5 the field is treated exactly, at all orders. Inve- C-

stigations on this aspect of field-assisted collisions
1-5 iE -0. - '-'''

are only at their beginning . Specifically we report on

S

2
E-04 GUE 2 Total cross sections ( ia.) vs the laser inten-

sity. Chaotic field case for n photonfexchanged.

References
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FIGURE I Differential cross sections ( a0 st..-) vs 5. F. Trombetta, G. Ferrante, K. Wodkiewicz and P. Zoller,

7- the scattering angle. Single mode field (lower "Field Correlation Effects in Laser Assisted Electron

curve), chaotic field with bandwidth Aw =0 Scattering. The Phase Diffusion Model", J. Phys. B . -

(upper curve). n I photon exchanged. At. Mol. Phys. (in press).
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ELECTRON ATOM SCATTERING IN THE FIELD - -

OF A SYMMETRIC MODE LOCKED LASER*

Marvin H. Mittleman

Physics Department. The City College of New York
New York, NY 10031

% -

When a electron scatters from an atom near the where the quantities are defined as follows: AW is 7 "

forward direction the cross section is essentially the detuning of the central mode of (1) from

determined by the long range potential. For resonance and we assume

spherically symmetric atoms this is the polarization IAWI <<n. (3)

potential - r-*. If the experiment takes place in a Ai - d.Ei (i-o,l ...N) and d is the dipole moment

laser field then the atom is polarized by the laser connecting the two states. v is the integer closest

and this induces an oscillating dipole and a to (-A0/n) and we have also assumed that

permanent quadrupole potential in the electron-atom ( -, vn) <<n. (4)

interaction. The forward scattering is then greatly Examination of (2) shows a resonance-like behavior of

enhanced. If the laser is nearly resonant with an Pe, as a function of the (central) laser frequency,

allowed transition in the atom the effect occurs even or more Interestingly, as a function of laser

when the laser is weak.' (A few W/cml is enough to intensity via Q.

saturate a typical transition.) If the laser is not Forward elastic scattering of the electron acts

resonant it has to be more intense for the effect to as a probe of the P component of the atom so the

occur.' cross section will be a rapidly varying function of

Little has been done in this context with lasers laser frequency and amplitude. If fluorescence is

wilch are not "ideal" (i.e., single mode and constant neglected, if the final atomic state is not observed,

amplitude) but one could deal with chaotic lasers by and if the fine struction of the energy distribution . -

well established techniques.' Perhaps a more of the electron (on the scale of n) is also not

interesting case is that of mode-locked lasers in observed, then the cross section is proportional to

which the beating among the modes results in a laser Pex and exhibits the resonance structure found there.

intensity which can have sharp temporal spikes and References

thereby affect the atom more intensely. Asymmetric- 1. J.I. Gersten and M.H. Mittleman, 
t
hys. Rev. A 13

mode-locked-laser of the form 123 (1976)

E - (E.*INn-iEn cos(nnt)) co3(wt*O) (1) 2. F.W. Byron Jr. and -.J. Joachain, .1. Phys. B '7

is a special case in which the two-state rotating- L295 (198A)

wave-approximation wavefunctions can be obtained 3. R. ".-.'- F3. R. Daniele, F.H.M. Faisal and F. errante. J. Phys.

analytically for small detunings.* For the simplest B 16 3831 (1983'

case. N-i, the time averaged probability of finding 4. M.H. Mittleman, 1hys. Rev. A

the excited P state is *This research was supported by a contract with the

A, U.S. Office of Naval Research.
I n

Pex " w'J ) (2)
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* DIRECT !PATIIATTVF "FCOMBINATIM' IN A HvDp.orENTC NON-A.-TEILA.': 
1
.PSrR-PLV-"A

M. Lamoureux+, C. Mbiler , R. Yin", J. P. "atte.. and J. Delettrez.. -

+ LSAI, Bat. 350, Universitg Paris-Sud, 91405, '
1
rsa,-. France.

+4. Department of Physics, University of Pittsbu7'h. -ittsburgh, PA 15260, USA.

+++4 Institut National de la Recherche Scientifique-1n2rgie-, Universitg du Qu~bec, CP 1020,
Varennes, Qu~bec, JOL 2P0, Canada.

... Laboratory for Laser Energetics, Unvestvr Rozhester, 250 East River Road, Rochester, NY 14623, USA.

Direct Radiative Recombination emission is eva-

lated in a hydrogenic Be plasma which exhibits a

se bemstrahungheating by a Nd laser. The non-

Maxellan lecrondistribution functions have 'igure: Radiative recombination emissivity coeffi-

been obtained from a Fokker-Planck simulation by cients J7 (K.,) in J m_ ( per steradian and polari-SMatte et all, and the resulting DRR emissivitv coef- zation mode) as a function of photon energy K. for

ficients are shown in the figure for three positions three positions along the laser direction

along the laser direction with electron densities (-) X = '90;., N -0. 16 N , Te- 2.07 keV;

lower than the critical density nc - 10 21c/cc i (.-) =57,e c e
X 1,9Ne= 0.40 N,, Te- 2.27 keV;

e. where the laser penetrates and the Maxwellian X-30 e N-09 Nc e .4kV

equilibrium is perturbed ). The predicted spectra e c e

are obviuously strongly non-Maxwellian, though not The dashed lines correspond to the Maxwel11ian re-

to the point as when electron electron collisions sults for the same N e T. values.
2e

'ire ne-lected .The fact that the slope is not

constant invalidates the traditional temperature

L diagnostic d.>:J (K-.) / d(It.) = -l/kT . The deducee
e

temperature would be overestimated by an order of T -T ---- T T------

magnitude right at the Is threshold, and is exact r-.EMISSIVITY COEFFICIENT J.

within 50 Z for photon energies larger than 2 keV ~ -

above that threshold. We also evaluate the polari-

*sation of the DRR emission caused by the anisotrop- IZ

* of the electron distribution; the degree of polari- I =3S8g.

sation appears to be significant only at large pho- 10- 3 .-

ton energies. %--

X=5171j
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RADIATIVE ELECTRON-ATOM COLLISIONS IN A STRONG LASER FIELD -

F.H.M. Faisal

Fakultlt fUr Physik, Universitat Bielefeld, Fed. Rep. Germany

This paper is concerned with a number of problems Electron-Hydrogen Scattering in a Laser Field

in the theory of electron-atomc3llision in a strong radi- Resonance Structures and Cusps

ation field (a laser field). Higher energy "off-shell"

excitations of atoms by the simultaneous electron-photon .*.*....

collisions are considered for the H and the He atoms..

Comparison of the results support the view that atoms

with the higher dipole polarizabilities are to be pre- 6 -

ferred for the higher "off-shell" signals. In the pres- 7S

once of a laser field the distribution of the states of so

the target atoms is generally driven far away from the ."

t ,,Vrmal equilibrium. The problem of the initial distri- ," .-

bution for the electron scattering is examined from the ;NC;0£t' E.CC' EN9G. Airs-|
- t. -

point ot view of the steady-state beam experiments. An

explicit distribution in the presence of the losses due

to the field induced ionization and the transit of the I 1-peo" .F. = .00.
beam atoms is analyzed, the result compared with special 300 W = .0-

cases, and the significance of a conjecture of Hertel

et al. is pointed out. Some of the most dominant phe- 200

nomena to occur during the radiative electron scattering z-Ph oto
"

at low energies (Ei  ?iw) are discussed using a simple

model referring to the e-H scattering. They include such

effects as the "reflection" of the bound negative-ion

state (H-) in the scattering channel, the resonant-

excitation of H with "subthreshold" electrons, and the FIGURE I Low-energy phenomena in radiative e-H

p. ibility of photon amplification by resonant radiative scattering. Upper diagram: "1-1 is model Is-Is cross

scattering. section at zero field. Inset is magnification of the !s

resonance at 9.558 eV (width - 0.04 eV). Lower diagram:
's1.0-1.0 is Is - Is cross section in presence of the

is field (with no ret exchange of photons). F o-0.05 a.u.10 1 2 2
(I - O.85x 10I CM , L 1.35 eV'). Sharp structure

at -O. o l is one-photon resonance with 1- state (at

0.75 eV. Small peak at- 1.95 eV is two-photon

-- resonance with tht, H_ state. The scales are in a.u.

00250Z

-10

005

-15

I NCI1DEN T EL.ECTRON ENERGY

FIGURE 2 The photon-absorption coefficient ''(Ei vs.

the incident electron energy E. for the radiative scat-

tering of electrons with H atoms at u; - 0.05 a.u. and

three different field strengths F° - 0.001, 0.0025. and

0.005 a.u. Note that the negative absorption or the gain.."
occurs resonantly. The scales are in a.u.

..... ................ ...... . .. . ..... .
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SIMULTANEOUS ELECTRON PHOTON EXCITATION OF HYDROGEN ATOM

R.S.Pundir* and K.C. Mathur

Department of Physics, University of Roorkee, Roorkee 247 667, INDIA

The ls-2s excitation of h,-ydr-ogen atom by significant. Near the resonance r--ions dlo-

si7:multaneous electron and laser photon impact sure contribution becomes insii..-,cant. We

iE nvostig ated in the Framework of thIe time also notice that -'-re are sionificant

,i.-ennent perturbation theory. Th.e -I oo -r-atom enhancem~ents in zin the region close to

i- zraci is treated in the dipole ohjs 970-975A0, 1023-102BA0 
and 12l0-1220A 0

. The

r 1-apprcximat-ion. increase in in these regions occurs becauise

scatterino- amnliudie for thec loint of (4D;4d) ,(3n;3d) and 2p resonant states

of H atc-, in ,;*ic- only one photon respectivel;Y. The curve 13 shows a gradual

fro th lserbea. s c~enbvvariation in from 965AO to, 1030A0. In the
a. re us ed) region away froim resonances P3 is in reasonable

+ 3 -
f r, *(:10 agreement with- P 1 . In region l210-1220A 0 ,
rgall curves P1, P 2 and P 3 give identical

+ rf f Ho n -n 0 i(1) results showing that the dominant contribu-

=-- +, -- ton comes from the 2p state which is taken
exactly- in all three cal-viations.

= J z~eo~icos0),z= Eqs~n *-, *Present address: Defence Electronics Appli-

an = x (qr) catio. o Laboratory,
1 Dehradun 248001, India

an,; are t.,e d1irect and exchange amplitudes Referencesa

o am n " are the intermediate states with 1. K.C.tMathur, IEEE J. Quant. Elect. QE-17,
, 1:1, 1 're=:encies a* and in respectively. r1 2233(1981)

13 the position vector of the atomic electron 2. P. S.Pundir and K.C.Mathur, Phys. Lett.

.~and 0- are the polar angles of q.pand p9A 4 18)
ar- -.he -37(enta of th i dn an cteed 3. FjC on, K.A. Berrington, P.G.Burke,

<.ecun. 0 istheampitud ofthe lecricA.F.IKinaston, J. Phys. B14, 1041 (1981).

oft'e laser- and . is the laser fre-

is ne laser-atom interaction in
2,:-e !;-,e 1;adrpole approximation . The

A..o is 1--e circularly polarised.10 o
r-' .e su.m ovei intermediate (-2)-

s'a'es n ur a,.n r 1 ) ,we take 2p, 3p, 33,4p 11 100 ev -- p2  16
- 10 10

anol 4J lvr' - % and account for the -0-

.eaininm sa,s- closur . healso 9: 10 0 10
o i'7y ati ' xac 21p state and 6
~3, 4r- an-J 4, a- total cr000, 0 -

2 3 2~ I
J ' (2) 62

4 4 d

ex- - v ,):n a' mlan ci- 10 . ,0

mA as er.

965 975 985 995 1005 1015 1025 1208 1212 2116 1220 . ..-

*................,.~t:ol.'::. .Loser photon woalength (9)

rentweon P~ anj I in t e so-i

region the, clb:' e om''-a ;' ion is
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THE INFRARED SPECTROSCOPY OF WEAKLY BOUND HYDROGEN CLUSTER IONS .*,, .

L. I. Yeh, Mitchio Okumura, and Y. T. Lee

Materials and Molecular Research Division, Lawrence Berkeley Laboratory and >.-

Department of Chemistry, University of California, Berkeley, California 94720 USA

We are studying the vibrational predissociation

spectra of hydrogen cluster ions. Although very little .

spectroscopy has been done on cluster ions, cluster

chemistry is important since clusters are a first '."" V
approximation to the liquid phase. Because of their Z

relatively few electrons, hydrogen cluster ions, in Hq-H 3 +3H 2

particular, are valuable as a test of ab initio 
"

theory. Yamaguchi, Gaw, and Schaefer have predicted
ab initio structures and frequencies of H5 , H;, and
+ 5 71" "" '_,' ' '

Hg . Z." - -- JH 9*.4Z+2H 2

We have seen an absorption peak corresponding to
an H-H stretching motion in the cluster ions Hn  Z

n
(n= 5, 7, 9, 11, 13, 15). The agreement with theory W

is within 40 cm
-I 

after a term primarily due to -

annarmonicity is subtracted. It is unclear whether we . -.. ..

are exciting a rotational band of the H-H stretch

alone or the fundamental with a combination band. H+ - H2

The ions are created by supersonically expanding

a beam of pure hydrogen followed by electron bombard- 3800 4000 4200

ment ionization. A sector magnet selects the desired FREQUENCY/CM -

ion mass which is directed into a radio frequency

octopole trip. Here, tunable infrared light from a Fig. 1. Photodissociation spectra of H detected by

Nd:YAG pumped optical parametric oscillator interacts monitoring fragment ion signal for all threech an nels.L;)"?'
with the trapped ions. The fragment ions from

dissociation then pass through a quadrupole and are is 10-20 cm- I , whereas the rotational spacing in H5
5

detected. By computer scanning the OPO, and is approximately 7 cm
-

. One necessary change, then,
monitoring the fragment ion mass, we are able to see is going to a narrower linewidth laser. We plan on

the absorption spectra. using a difference frequency laser and an F-Center,
Figure 1 shows the absorption spectra from H9  which havo linewidths of 0.2 ci'

- 
and less than

dissociating to H;, H+, and H+. Several features 0.1 cm
-
i respectively. Another impruvene-t will be

are noteworthy. The three peaks are quite broad and changing to a cooler ion source. The current one

may contain structure underneath. A small depletion produces ions rotationally an vinrationailly hot. We
peak is evident in the H - pcrm Is"-""'"9 is n7 H2 spectrum. Its will be usinq a corona discharge source for the higher
location corresponds to the H; absorption peak, It resolution experiments.

will be interesting to study the power dependence of

the lower energy side of the H; -- > H + 3H2 peak. Reference

It is not unrealistic that a multiphoton process coulO 1. Y. Ya'T'dima , J. ',3., in o. ,71r v , J.
be responsible for the signal here. Another observa- -hcrl. Phs. /,, ;j74 (19-,i.

tion we have made is that the peak of the band shifts

to higher energies with increasing cluster size. In AL ioWledgment

H5 , the peak is -250 cm
-1 

lower than that of free , Tnis wur, w s ppnrt, hl th ur" t r, 1)t i i.

whereas in H15 , the peak is only -107 cm
-1 

lower. of Lnerqy Research, Officte of :)ai'L s ne'y ciencos,

There may be structure under our broad peaks. In elemi ca S. , ivie i vii ir, t th.. , lw ar:ririt - +
order to see this, we will be repeating the experiments Energy under 1:ontr irt 't. i -, )3-hSF 1,9"' . LY
with a couple of modifications. Our current linewidth ackrowlelges .i rati naIl cunce Founcat i i F- ,llowsh ip.

• °°°°.••2
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PHOTOFRAGENTATION OF CLUSTER IONS OF CESIUM L

* b. '-°. ... '

Rolf Holler and anspeter Helm
.,% ... , .

Molecular Physics Department, SRI International, Menlo Park, CA 94025

In a fast baem (1-5 keV) we have studied photodis- possible branches with relative cross sections being

sociation of cluster ions of cesium which we formed by represented by the length of each branch. The absolute 5.

field ionization' on a microscopic (40 pm) droplet cross section for photodestruction of Cs3

+ 
at 4880 A

of molten cesium. A Wien filter and two stages of was determined to be -2A
2
. The full circles in

energy analysis of the charged photofragments allows us Fig. 2 represent photodissociation measurements using

to separate individual products from a single parent the fixed frequency lines of ion lasers. The data

and also to photodissociate energy selected photo- points are connected as a guide to the eye. The

fragments, uniquely defining the fragmen- ir-portion of the branch Cs+ + 2 Cs was scanned

tation pattern and the c.m. energy release in the continuously by a dye laser. The wavelength dependence

dissociation event. Fig. 1 shows the wavelength for photodissociation in the infrared is similar inI+ It Cs+
dependence for photodissociation of Can into m appearance to that observed for photodissociation of

obtained by illuminating the entire parent beam the dimer ion but extends over a broader energy range

with 50 mW CW laser beams. The parentage of a given and is blue shifted.

feature in Fig. I can be unambiguously identified by PHOTON ENERGY (eV) . .

operating the Wien filter in the parent beam line. The Cs * Cs(7s) 10

dominant contributions in Fig. I arise from .8 Cs' CS .I... . ).

product/parent mass ratios m/n - 1/5, 1/4, 1/3, 2/5,

3/7, 1/2, and 2/4. The fragmentation patterns show a Cs2 + Cs(5d ,. CS * CS2 (a In, "

pronounced wavelength dependence. . -

Cs Cs-. .7
9 Cs s 2(.'

•1_____"_ .0 Cs *

II
9,6

244

I04

0O2

Figure 1 4 Figure 2

Photodissociation of the trimer ion to Cs
+ 

in the Our experiments demonstrate that photofragmenta-

region between 8000 and 6700 A produces c. m. energy tion of mass-selected cluster ions provides a unique

releases which increase linearly with photon energy; means to trace the evolution of electronic structure as

kinetic arguments imply preferential dissociation into a function of cluster size. Theoretical efforts to

three ground state products in this wavelength range. predict this evolution would greatly aid in this inter-

From the measured energy release a bond energy of the pretation.

trimer ion of -1.3eV can be estimated. By contrast the

dissociation of the trimer between 4000 and 5000 A Research supported by NSF under grant PHY 8411517.
reveals little kinetic energy release (<40 meV). In . H. Helm and R. Moler Rev. Sci. Instr. 54, 837..

this wavelength range dissociation preferentially popu- (1983). . .

lates the channels Cs+ Cs2 , and Cs2

+ 
+ Cs the excess 2. H. Helm, P. C. Cosby, and D. L. Huestis, J. Chem.

StCnPhys. 78, 6451 (1983), H. Helm and R. Moller, Phys.

energy appearing as internal excitation. The photo- Rev. A 27, 840 (1983).

fragmentation tree of Cs 3

+ 
in Fig. 2 shows the three

.. ........ . . . i
j.iLLiT
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FRAGMENTATION OF MICROCLUSTERS BY ELECTRON IMPACT IONIZATION

U. Buck, H. Meyer, and M. Tolle

M.ax-Planck-Institut fUr Strbmungsforschung, D3400 Gittingen, Federal Republic of Germany qe .

We have recently developed a method, which allows _ _-__-________

to derive information on the distribution of neutral 1
cluters of atoms and molecules formed in supersonic

expansions.',' In a crossed molecular beam experiment 0

the clusters are scattered from a He-atom and the scat-

tered intensity is detected by electron impact ioniza-

tion and a mass spectrometer. The measured angular and- 

velocity distribution is proportional to tne cluster
sity, the differential scattering cross section, and , -

teproduct of fragmentation probability and totalr %

ionization cross section. If the experimental resolu- 2 1

tion is high enough, the different clusters can be a I "
separated from each other by their different kinemati- -

cal behaviour. In particular, the measurements allow

t e irect determination of the fragmentation proba-

bilities fn,k, which give the fraction of the cluste" 400 S00 S00 700 Soo too

Xn detected at the mass k with 7 fnk - 1. Fllghttlme /I a

First results on Arn-clusters showed appreciable

fragmentation for the dimer and the trimer.2 The new
FIGURE 1 Measured time-of-flight spectra of (j2 )n*He

revised fragmentation probabilities, where the slight collisions at e - 1D
° 

lab angle detected on

influence of collision induced dissociation of the He the monomer mass.

are given in Tab. 1. The extension of the measurements atom impact on the Ar dimer was taken into account,

to larger clusters reveals that 95 % of the clusters up Tab. 1. By contrast to the other two investigated sys-

to n - 6 are fragmented and appear mainly on the dimer ters, the fragmentation into the monomer is largest and

mass Ar*. Similar measurements have been performed for for f,, a measurable though small intensity is observed

amonia clusters (NH,) n  which are hydrogen bonded with in contrast to Ar., where no signal could be detected.

a bn0 strength of more than a factor of 10 larger than The method gives the first quantitative results on the

for Arn . The clusters are predominately detected on fragmentation of molecular clusters by electron impact

their Protonated NHnnH* masses with the loss of one ionization.

N- , radical.', In addition, they show appreciable

fragmentation as indicated in Tab. 1. :n contrast to Table 1: Fragmentation probabilities for different -.

Ar, a complete doninan-e of the dimer ion is not found, clusters at electron energies of E - 100 eV. ,. .

The measurements nave been extended to the molecu- - ------ fi_ f.I F32.i.. r33"

lar van der Waals clusters (
0

'2 n . The 2 beam is Ar 0.10 0.60 0.30 0.70 0.00

prodoced by expanding a mixture of _0 in Ne NH, 0.50 0.50 0.31 0.56 0.10

throuh a nozzle of d - 1- m diameter at i stagnation . 0.1p 0.75 0.22 0.0-

pressure of 4 bar. A typical time-of-flight spectrum Is - - ----

shown in Fig. 1. The expected Dositions of elastically

scattered monomers and dimers are marKed by arriws. References

dince toe heavy molecules are scatterel from a light

atm, there are always two contributions at one labora- . U. Buck and H. Meyer, Phys.Rev.Lett. 52, 1q (19R0'

tory anwie. The measurement is performed at the monomer 'I. Buck and •. Meyer, -er.Bunsenges.Phys.e-m. PP,

mass. Therefore, the result immediately shows the heavy 254 (19R4

fragnentation of the dimer and the relatively large 3. J.H. Futrell, K. Stephan and T.D. Mirk, J.Chem.fhys.

dlier content in the bean.. The fragmentation probabilli- 76, 5Q1 (1982)

tieo derived from these measurements are also given in 4. H. Shinohara and N. Nishi, Chem.Phys.Lett. P7, 561'

(1 9,R2)

..................- . . .....-.. .. .:-'. . -,. ,- ..•.:. " . -. ? -[
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PHOTOIOINIZATION OF' VAN DEP WAALS-CLISTERS
INVESTIGATED BY A PHOTOION-PH'rOELECTRlON-CO INCIDENCE TECHNIQUE

A.Ding, L.Cordis, K.Kretzschmar, and J1.Hesslic-h

an-enr-Inst'tut f~r Kernforschung Berlin, Bereich Strahlenchemie
Hahn-Mitner0-1000 Berlin 39, F.R.G.

Experiments with atomic and molecular clusters have (N2 O)n ~ ~ n
*aroused great interest in the last years as they not on- Infl2 5 10 15 -* .-

ly represent an intermediate state between the gas phase IIII 1 1,1

*and the liquid or solid state but also may be used as a 1.

model for frozen intermediate states formed in binary

c ollisions. By inserting an exact amount of energy it is lOn
possible to investigate the decay of this intermediate

complex as a function of excess energy. This leads to

information about the stability of the complex and the

dynamics of its fragmentatic behaviour.

We have investigated the photoionization of van derX=9 m
Waals-clusters using monochromatized radiation from the

* Berlin Synchrotron facility BESSY. In order to deter-

mine the amount of energy present in the cluster ion a

new coincidence technique on the line of the previously

used TEPICO and PEPICO methods has been developed .Mo-

nochromatic photons from a synchrotoron source produce ________________

* ion-electron pairs. The electron pulse is used to start

a time-of-flight multi-channel analyzer which stores

* each ion impinging on the detector in a channel propor-

ional to the ai-ri~al time. Due to thetat:;J f

a certain energy (typically 0.1 eV , Aeterrined I-. !hc

* magnitude of the extraction field, are efficiently ool-

* The method has been applied to the invest-sat :on of

* the van der Waals-clusters (Ar , Kr 0N CC1)O
n rn (2 n' ?)n

Fiq.' shows time-of-flight mass spectra of (N 2 0)n-clus-

ters is a function of photon energy. The spectra show

a sirificant liffrene to conventional photoionizat--

ion % ic: 15 Mc rt -es irrear only in a verv limited

wavelengith ic -ri Irons of low energy will produce

only the mo st state clister ionis, while photons of

higher energyv rro~ii- ion-electron pairs with hot elec-I

truns which are rejected br the present detection Sys- 
X= 95n

tern. -, is apparent from Fig.1 and from additional ex- p
* perimental results not shown here%)that IN1. has the

*lowest ionization energy k12.16 eVI and can therefor- 200
be regarded as the most stable of the (N 2() cluster CHANNEL NR E2SONSXCHA3

in.it appears furthermore that addtin 1 .-..-- , . .. ..

nerates a symmnetrically brodened mass distribution whidoi

leads us to the tentative conclusion that the binlinq

force in the cluster is lowered equally by aeddit inn or

*removal of NO0 molecules. A prominent feature of the 1 .4- in i r,!I , .

size distrihution is the fact that all larger cluster K.1r a,.-a, -_Kit , .1. -j05 In 1. .

77, 4441 1i aRInd 7.1, 4 1, P

*peaks are split indicating that fragmentation is signl- o.f , h, I, fret--sh, . 01'.c

ficant even at low photon energies.

......................................................................................... . .. 7
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UNIMOLECULAR AND COLLISION INDUCED FRAGMENTATIONS OF SMALL(N2 0)n,-CLUSTER IONS

W. Kamke, B. Kamke, H.U. Kiefi and I.V. Hertel

* Institut fUr MolekUlphysik, Freie Universit~t Berlin, %-00 BePn.,WstGray~

N 2 0)nclustors, n=I .. .6, formed in a super- Moro experimental results will be presented and

sonic jet have been ionized by synchroton ra- discussed at the conference.

* diation from the electron storage rifle BESSY at This work was supported by the Bundesministeri- . :..

Be-rlin (wavelength regiont=l.I 1 ? nm. The umr fir Forscnung und Technol gqie. - -

ions were acc~l-rated, passed a fie ld fr, e.........h

d rit r.--cion and were mass- and energy' selected 32Pw-5n

ba 1uadrupol- mass filter and a Q91W electro-

* static deflector. Ions of mass m may undergo a 1-2 5-2
-i rsettion proes m± + m> m' somewhere 0

oin 11-r way, ti, the detector. Having acquired P-72nb

ain -n.~rgy c, *Ut) they will lose a fractionAm. m

of thort energy when they fragment (see 1). All MEO

ZAfragmentation processes occuring within the a-
*fio-ld free flight region (time of fliaht P~t5nb

l1.4 ... 6.3)ps) give rise to a peak in the ob-

* se-r'-eO ion current when the ionization poten-..

tial is scanned. Fig.l shows energy loss scans 0 =

at three different background pressures. Such 0 0wfoine40

studies show that only the removal of a single Fig. Energy loss scans for (,q2Ol+2 at three

* neutral N ,0 from the cluster can occur by uni- different background pressures.

* molecular decay. The removal of more than I n-*(n-m) means (N20)n+-*(N2O)+n-.m+(N 2 O)m

molecl is collision induced.

By varying the time at which the ions enter the

drift region we determined the trimer lifetime oP'
frr the metastable process (N2 Ol 3+4(N 2 O)2

4
+N2O (n a)

Photoionization efficiency (PIE-I curves were

measured'for the "prompt" ions formed in the P.05b

excitation region and for the metastable ions 2- (b) ______

dissociatina in the drift region. Whereas the&

threshold shape changes significantly with

clustersize, the onsets of the curves are all

similar indicating similar binding energies. 00I c)

Comparison of the prompt and metastable PIE- 0

curves and the, basically rectangular shape of-

th, :hresnoldsq lead -is to conclude that the Fig. 2 PIE curve for prompt dimers at

* cl.;ster inns ar- formed initially with a rather stagnation pressures

* well def, ined en-rg content independent of the (a) p0 =0.2 bar, (b) p 0 . 95 bar,

* inCICfd. photon energy. Any excess energy (c) PIE curve for dimers fragmenting..

* breaks- th. we-ak clust'-r b~ond. into two monomers within (1.4 ... 6.3lps

Whr-as ouir prompt dimer spectrum at p 0 =0.95 barr

* (fi~j. n( le with others published 12), the References

s sp,7 r,;m nwsmere, pronounced structures and a

* differ.n ti nr,-sholJ shape when the amount of 1 I.V.Hertel,Ch.Ottinger,Z.Naturforschg.22a, *...

c~ 1 sters with n I in the jet is reduced 1p 0=0.2 1141 (1967)

bar fiq4.2al. lii. 1c shows that autoionization 2 S.H.Linn,C.J.Ng,J.Chem.Phys.75, 4921 119811

(.similar to th- monomer (3)) is clearly observ- 3 J.Berkowitz,J.fl.D.Eland,J.Chem.Phys.6.7, 2740

abl., in the diy pr'-dissociation channel in (19771

contrast to tno- prompt channel
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METASTABLE AND SPONTANEOUS FRAGMENTATION OF BENZONITRILE IONS (AND -CLUSTER IONS) ' -

W. Kamke, B. Kamke, H.U. Kiefl and I.V. Ht -tel

Institut fUr MolekOlphysik, Freie Universitdt Berlin, D-1000 Berlin 33, West Germany .%.

A supersonic molecular beam was ionized by ment C6H4 + formed by metastable (l.
7
...

5
.3ps)

light from the electron storage ring BESSY at decay of C6H5 CN
+ 

for both seeding gases. The

Berlin (A=50 ... 140nm). The ions are acceler- onset at -89nm for He is shifted by approx 4nm

ated, pass a field free flight region and are to the blue when Ar is used.

mass- and energy analyzed by a quadrupole and Presently measurements are performed to clarify *

a 90' electrostat-
" 
deflector, whether the differences in the PIE-curves for

After ionization -.e ion (mass m) may fragment different seeding gases and stagnation pres- A

* on its way to the analyzer and the fragment sures are due to cluster formations in the beam

ion's energy will be reduced by Am/meU only or directly to the cooling of the beam.

(Am=mass of the neutral fragment) with respect The dependence of the metastable signals on

to the parent ion's energy e'U (see 1). All background pressure is studied and also the . "-

ions which fragment in the field free region extraction voltage is varied in order to meas- "

give rise to the same energy loss for a given ure the C6 H5 CN+-lifetime for distinct fragmen-

4m/m. Thus by measuring this energy loss it is tation channels.

possible to detect metastable fragmentation All these measurements will be presented and

discussed at the conference.

I-) MC03uI". a) m=103u -

+75mb He ""{i .900mb Ar..
E 6OV/cm . E=6OVim

-,,., -S6i/c , I. ..I 1m=6urnoio Y b) m=76u/meta r
C 1 900mbArE COW=,m.'.:.?":

E =60V/cm

Fig.1 PIE curve for (a) C6H5CN and

(b) C6 114 formed by fragmentation of d c)m=143u
C6H5 CN between 1.7 ps and 5.3ps. . 35bOfAf

Seeding gas: Helium so ii t

channels. Comparison of figs.la and 2a shows FL9.2 PIE-curves for (a) CA_.CN

that the C6H5CN photoionization efficiency ()) C6114 (see flq.1)

(PIE) curve exhibits significant structures in and (cl C6,H3 CNAr.

the range around 105nm when Argon is used as Seeding gas: Argon

seeding gas instead of Helium. The structures

strongly depend on the stagnation pressure. This work was supported by the Bundesministerl-

PIE-curves of Benzonitrile dimers and of the um fUr Forschung und Technologic.

heterogeneous cluster C6H1 CNAr (fig.2c) suggest

that these structures (close to the Ar-reso- 1c,

nance line at -107nm) are remnants of autoloni- I I.V.l rt. I Cn. ortng, r, Z.Natr:orchg.2 2,

zation lines in the heterogeneous cluster 1141 (11467)

fragmenting to a large extend spontaneou:.ly

into an Ar-atom and a Benzonitrile ion.

Figs. lb and 2b show PIE-spectra for the fraq-

-. . .. . . . . . . . . . .. .. *....;.5

.. , . . .°
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PtiCrX)I(XNIZATlION APR Pf1O7 OoIQSs(IATI(X4 OF FYD)RCRI PEt:DEP ALKYLAINE CILISTRS

P.G.F. tDIsinrl, E. Rilihl, R. Brutschy, and If. Baumq~irtel

Int - Cs'.(herie, Prc-je 11ni'.ersitlit Berlin, -akustr. 3, D-1000 Berlin 33 -

,4qo; thec jnter 'Apcuildr iriass rototn transfer In principle thresholo; Xasuret ents for the

r~~-:'r~~~-~onts- ;rohl th ot prtt lo reac- dissociative ionization of the anin. clusters %I
tions- 1i chnistry. Z, larritf 111iir of lis :Lo~se ion- (n 1, 2, 3) give absolute PA values of the riorkA.,xior

.u.ul Kii ir~i.stxje r; protin transfer is and olyqovrets via the set of reactions (2) * (3), and (4) ;J
A vcu:il yiel, inq re-at ivie Jna or clan (.as' protJr,

- a iir.'(P/,) 'aun(Ref. 1) frcv the (-r~t!aIry change 'I-H + (Mi-1I) (2)
=i((-lh)of tht +ectr n1 1 +1 1 + (n-1) (3)n n

+ + + -pli ' B) A I)M ). ) -[if* + e (4)N n+ .1 n I

','evert! t ts' heri are unly fewN sleasureolentc of absolute-i-de
PA Val Lit-s obtained tlrouqt-.)irect Jt-terriint ions of the

er,nenryoffj+ Soreo these rsc,,nt rnease-_ r-
mentc; (Ref. 2) use the forrction of hydrctrer conntaining q
dir'ers as an excellent prcursoer tor dissociation int, M" (-.. r- 1

M 
M,2 m-- H-? (MW )

RH' . fiowe ver, even internally-consistent iaFs phase PA 3~5~ 5H )

Val ues are now cons idered to be rather unr- 1 jale,
because absolute PA data in the scale albove the PA value-
of arumnjo did not yet exist. -,Ie present experiment.
is lesign,,li to ieasure amj-earance Pnerclies of alillhatic 52T----S5-- 8 31'0

* aine clusters by the photoinnizat ion -sass sjectromemtry
to helt clarify the above problerms. '1 -

hnolecular beam apparatus is essentially the -
sore- as Used for R2PI laser spectroscopy of f luoro- ~
nonzeno clusters (Pef 3). In th1is experiment synchrxo- fRR:2 iVneretics of tire fprotooarte) rrrthl drine
t--r raliation provideti by the ' Fr i eectron storm- 'ser 'te.

*rir\1 IES. . is dispersed by a 1 m normal incidence
tor:-!.romator and focused onto a skimrne-d supersonic Thie cycles showninFgr2alo thaslueP

*nom'zl' r nr Fgue ) values to be calculated. These values (M1 = methyl amine,
dimfethyl amine, and ethyl amine) are listed in
Table I and comrpared with calibrated relative.
values (Ref. 1). The absolute data have uncertainties of
about 0.1 eV resulting from difficulties in adiabatic
thireshold determinat ions and fro. literature values of

* xrOt) the neutral cluster and the N-II binding energies.

U .. PuN TARLE I PA values of sme alkylamines and their
STAG -- clusters in eV (1 eV = 96.48 )t3/rol).

OFRef. 1 this work
M___. PA (N) PA (,'-) PA (M) PA (M)

CH,I.NH 9.29 9.50 9.9 10.1
C,_ HNH 9.41 ().58 10.1 10.5
(CHI 

2
141i 9.57 9.64 10.0 --

FIGCPF I Experimental arranienent. SR: synchrotron
r~ioation, S'i: spherical mirror, SG: spherical Purther results of aliphatic amine clusters anid on
,gr:tinec, LIF: lithii fluoride filter, 7"1: toroidal their dlissociation bonding energies ll(M+ - M) have been
roirror, r-: window coated wit) sodiLr salicylate. obtained and will be presented at the conference.

The cluster and fragmt-ent ions are createdi by scanninj
thte f~otnn energTy and analyse)] in a qoadruf)le mlass
s -'ctrrneter. The ion yield is normalized to the References
piloton count rate. 1. S.C. Lias, J.E. Liebrern, and R.D. Levin, J. Phys.

Ches. Ref. tData 13, 695 (1984)
2. S.T. Ceyer, P.).. Tiedemann, B.H. Mahan, and Y.T. Lee,

3. CThem. Phys. 70,14 (1979)
3. K. Rademann, R. BrUtschy, and H). Bauqirtel, C-hem.

Phys. 80, 129 (1983)

% . .... %
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ONE- AND TWO-COLOR RESONANCE ENHANCED MULTIPHOTON IONIZATION OF VAN DER WAALS MOLECULES:
STUDIES OF SPECTROSCOPIC SHIFTS AS A rUNCTION OF DEGREE OF AGGREGATION..' -'

A.W. Castleman, Jr., P.D. Dao, S. Morgan and R.G. Keesee .
"% '*

Department of Chemistry, The Pennsylvania State University, University Park, PA 16802

Cluster research is a rapidly growing field which 41.8 and 19.5 cm . Studies of the spectroscopic shifts ! • r
offers promise of bridging the gap between the gaseous show that the magnitude of the shift for (PA'Ar 2l and

and the condensed state. In particular, an investiga- (PXAr2) is approximately twice the shift for the single

tion of the shifts in the spectral absorption features argon containing species. Investigations of higher

as a function of the degree of aggregation enables the order PA complexes with Ar reveal violations of the

basic mechanisms of nucleation and solvation to be spectral shift additivitv rule for a large range of

probed at the molecular level. Recent advances in the n (3 ,n ,15). In the limit of large o the main spect-

field of molecular beam research, coupled with pulsed ral shift converges to a 50 cm red shift. The observ-

lasers and time-of-flight mass spectrometry, enabled ed spectral shifts for PX*Ar n (2 n 7) remain smaller

the details of these various processes to be studied. than the red shift of PP.Ar,. We Speculate that the

In the present work both single and two-color additivitv rule is valid up to the point where all

multiphoton ionization is utilized, enabling control equivalent adsorption sites on the aromatic ring are

of the excess energy introduced into a cluster. This occupied by rare gas atoms. Red shifts were also seen

is accomplished using a Q-switched ND:YAG laser to for clusters with N2 , O,, N,O, CC., NH3 ' and CH

simultaneously pump two tunable dye lasers whose output while blue shifts ',.- ob-hyrved in the case of CO and
2

is frequency doubled in KDP crystals. H,O. The spe-,r',-scopic studies reveal the expected

Clusters of the desired molecules are formed via van der Waals modes ot each cluster shifteu , the blue

adiabatic cooling from a pulsed nozzle system, with of the band origin. Comparing the spectra of succes- ""

detectin of the products of resonance enhanced MPl sivelv larger clusters, ,and studying variations in t

being made in a time-of-flight mass spectrometer located intensity with pressure in the stagnation chamber,

beyond the ionization region. The combination of ioni- enables an identification Of Cluster fragmentation to

zation and mass selection has the advantage of direct be readily made.

mass determination of the probed van der iaals molecule. The appearance potentials of (PX.Ar ) ions werc

A ,eneral concern is that, because of the weak bonding determined thrugh studies in which the energy of ne-

in complexes, dissociative ionization may possibly com- photon was fixed at the Lb resonance and the wavy-

plicate the spectros.opic assignments. However, the length of the othe as( s n ... e observed appearan.

results to be presented show that fragmentation can be potentials are found to vary with the square-root o'

greatly suppressed through the use of two-color resonance the electric field present in the regio n of ionization

enhanced photoionization whereby the ionization process in accordance with expectations and the findings it

is accomp.ished with the use of little excess energy in others. Extrapolation to zero fild ,n-.iles a dlter- " "

contrast to one-color experiments. mination of the ionization pot(-ntial- o piraxv I ne

In the present study, van der Waals molecuels of and its clusters with rare gas atoms. In in , t ri,

the type A'M n (A-phenyl acetylene (PA). paraxylene (PX); field (11t) V/cm), the appearance potent itt, (AlP) ,-

M=R (rare gas atom), N, , N 0, NH, H 0 CCI,,. and PX'Arn+ are red shifted by 115 -t 5 l . 181 1,,

CH4 ), were investigated using both one- and two-color 509 ! 20, 578 ± 20, 710 10 cm , Icr s I-.

resonance enhanced MPI techniques. Studics of the per- respect ive lv. This correspond, to in iv,rag, hi-t
Lb I + -l . ''""

turbed Lh B,) states reveal a wide range of red spectral from AP(PX ) b approximate-ly 120 m' per Ar iton,

shifts as well as small blue shifts with respect to the with major deviations from this trend or th, d:-s'r i:," .

pure aromatic molecule, depending on the nature of the pentimer,

clustering partner. In cases where .f=Ne, At, Kr and Xe* Studies of ipp,;ir,ine nt en! i %11s '. -I

the shift is red; the magnitude of the shift increases t ion pressure depetden, es reve.,I 1'vleri 1,,r I.,

with the polarizability of the rare ga.s atom where the ex istence. of a minor i.ni i .i --. r PX.',r , i i h,

shift in frequency of the band origin is linear with espmnsion . ,Ithougtii hmr -p tr I ri I,,ti,, i,

polarizability of the clustering atom. need,,d to ont ir, this ,-i,-- it

The vibrational excitation of different vdW modes

were also measured for M-R. PA'Ar
+ 

was found to have 29-82-K-10llf .ini th, lb-pirt-, it ,o ;!,r,'., r i: ..

three vdW modes at 43, 30 and 16 cm-I; three modes DE- 1- R ey.. D- 2 1R1 r l -) . I , ,-

are also identified in the PX.Ar
+ 

spectrum at 54.9,

:.- . .-......- . -..- . ........-.... . .... ,.-. ........... ,..,.....,....,...-.,-.,.,,..,, ... ,
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NEGATIVE ION FORMATION BY IMPACT OF RYDBERG ATONM ON VAN DER WAALS CLUSTERS h. -

Koichiro Mits,ke, Tamotsu Kondow and Kozo Kuchitsu

- I -'.

Department of Chemistry, Facultv of Science, The tniverit of Tokyo, Bunkvo-ku,Tokvo 113, Japan

This report describes the ioniz ti .n. ' an d r 'I do n t depend strongly on m, q Is expected to be %

Waals clusters, (C 2 ) m and (CH ') , in , iin iti , lowly varying function of m. Process (2) is stopped

high-Rvdberg atoms of Kr and Ar, Kr'
' 

in,! ,Ien I distinctly stable ion is formed. Evidently, A

method is found to be useful fr gentle -re. t, t ti, 'mar- ,- depletion in the distribution shows that

negative cluster ions and pr vide int, rmati, n , t . m -,l, are evaporated from (CO ) m- with m < 14,

| vertical electron ! i nit 1 0 : t .. . - t, .. .... w.ereas the clusters with 15 < m < 18 are largely

the relaxation involved in the ionizit, !issoiated forming the stable ion, (CC2 ),4 or (CO2 16
Neutral clusters were produce: by ndenit i in Acordinlv, the maximum number of q is estimated to be 4.

a nozzle beam expansion. The skimmed lustvr bean was Phus the magic number: demonstrated in Fig. 1 are closely
allowed to collide with Kr or Ar prepared b'. relat-d to the stability of the cluster ions or their

electron impact in a triple-grid collision chamber, sublimation energy.

Negative ions thus formed were observed by onventional In the case of (CH 3 CN)., Eex is estimated to be ".

mass spectrometry. about I eV, as a sum of the EA of the monomer unit and

Cluster ions, ( n were detected as shown in thu soIvition energy of the monomer anion in the cluster:

Fig. 1, where the ion intensities are plotted as a charge-dipole interaction energy. In this case, IT is

function of the size of the cluster ions, n. Eah at most 200 K and is probably below the boiling point of

intensity distribution has a threshold size nI, and (CH 3 CN)m expected by the well-depth c of the Lennard-

broad maximum. The nL values for (C02), and (CH3 CN) n  Jones potential of CH CN. Therefore, no significant

.ire found to be 7 and 10, respectively. The intensity evaporation takes place. Accordingly, the magic numbers

distribution for (COn - has a region of significant observed for (CHCN)n are associated with the stability

depletion between n -11 and 13. Furthermore, outstanding of the parent neutral clusters; a portion of the

* neaks are observed at n = 14, 16, 19, 21 and 32 for constituent molecules are vaporized in a supersonic ,.

-2)n, and at n = 13, 16, 23, 26 and 29 for (CH3 CN)n  beam due to the heat released by the condensation until

3 6(magic numbers). the cluster size reaches its optimum value

- The results are interpreted in terms of the I I
0following evaporative electron transfer : 0,• . ** - + +" 

0

( _ + Kr / Ar - (M) + Kr+/ Ar
+  

(1),b ' b ", X" "(N. ) - (rM + . .( + q i (2)i/X / 'X '/O - "" X"
yrm - n / 4 , P .O .o ..

where q =m-n gives the number of evaporation. The 00 X, 0.

' existence of the threshold size implies that the 0 Q

vertical FA increases with the size of the neutral 0 0.

clusters, In, and changes its sign at m=n+q, since 0.0

the electron captured b a cluster is stabilized by the 6

surrounding molecules through charge-dipole and X X 0I I I I I I
charge-induced dipcle interactions. n= 1 5 10 15 20 25 30 35

In the c-se of (Co )', the excess energy, Eex, Figure 1 Ion intensities of (M)n versus

* which shoul, be released in process (2) is estimated the size of the cluster ions, n.

to be about .3 eV, since the captured electron in the 0 : (C0 2 ) n  x : (C 3 CN) n

cluster i, sibseuentl trapped on CO, forming a References

mon-mr C ion with .m bent geometry. At m =13, the I. R.D.Etters, K.Flurchick, R.P.Pan and

terperature increase ( , 7) due to E reaches 900 K, V.Chandrasekharan, J. Chem. Phys. 75, 929(1981).

wih is much higher thin the boiling point
1 

of (C02)13, 2. J.Farges, M.F. de Feraudy, B. Raoult and G.Trochet, "

1 K; therefore, a number of CO2 molecules are Surface Science 106, 95(1981). "r

evaporated from (C,,)r -  [process (2)1 until the cluster 3. J.M.Soler and N.Garcia, Phys. Rev. A 27, 3307(1983). . .

is cooled down below the boiling point. Since Eex and

. %.......

*......-......,
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PHOTOELECTRON SPECTROSCOPY USING A CCD MULTICHANNEL DETECTOR .p.. .

Andrea Haworth, David C Wilden and John Comer , . -.

Physics Department, The University, Manchester M13 9PL, UK.

A photo electron spectrometer has been constructed spectrum for that wavelength and the peaks correspondi .

in which the efficiency is enhanced by using a position to vibrational levels of the N2 , X2Z state. Following

sensitive detector. This detector is of the type any one of these peaks diagonally across the surface, %

developed by Hicks et all and uses microchannel plates i.e. constant difference between photon and electron ,

at the exit plane of the electron analyser together with energy, gives an excitation function for a specific

a charge coupled imaging device. A vacuum ultraviolet vibrational level of the ion. An example of an effect

photon beam is generated by that Daresbury Synchrotron which is immediately apparent from such a curve is the

radiation source and the wavelength selected beam is difference between the branching ratios for the two

crossed with a gas beam from a narrow tube. The arrowed autoionizing states. Such a pectrum gives the

electron analyser can be rotated about the photon beam most comprehensive information about the excitation and

in order to collect photoelectrons at specific angles decay processes involved. It has the advantage that

to the direction of polarization of the photon beam. autoionization, direct ionization and backgrounds are

One clear advantage of synchrotron radiation measured on the same spectrum and this greatly impreves

sources over line sources for photoelectron spectroscopy normalization. It can therefore be used subsequentl.

is the possibility of examining the excitation of ion to make accurate allowance for backgrounds and direct
4

states as a function of photon wavelength in order to ionization. Taking such a spectrum with 10 data

obtain information about autoionization processes. This points and reasonable signal to noise ratio in about

*is illustrated in the figure which is one of the spectra J"ur hours is made possible by the use of the multi-

obtained on the present instrument. It shows the detector. Similar data will also be presented for CO

photoelectron yield obtained as a function of both and 0,.

incident wavelength and collected electron energy. Each

" line at fixed wavelength represents a photoelectron Reference

1. Hicks P J, Daviel S, Wallbank B and Comer J.,

J Phys E:Sci Instrum 13. 713-5 (1980).

° . . •.

" ~780 .,

411 NG 76o0 :-.-::::

FIUR Photoelectron spectrum of N 2h, h.%tCv "'" -. ' --[ '"''':
electron yield as a function of photo lave',.- 7 50 : '- ..-.

l ~ ~~length and electron energy, .. ,,

-e
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.7 'eirle, D. I. Pierce, A. ' eiler, -.nd 7. J. Colctta

Th3tional 'iireau of Starolari's, "lainPhysics Division0 , raithersburg, *aryland 20899 1'SA , .---

10-5.

the 1additional resolution obtainable when an Plectron

rnonochromator is used to narrow the energy spread of an

c'!eccron beam e:-itted from a thcrmionin cathode. a!- 1.

fortiniately, tre naxim electron bear. current avail-

a) fro- a ronocirotiator, as indlicated by the sol id

line in Fit. 1. decreases dramaticallv with increasing

emertyv cesolutin. The apparatus described here is

capable of producinq currents of nonochronatic elec- ~
trns i ecesof t!,at possible with 7onventional Q

i onochromators and has the additional advantage of pro- E

vidini a spin nolarized electron bean if desired.

This monochromatic electron eun is an extension of 10-9

the widelv used source of polarize,' electrons based, on0

Ipho toetnission from neqative electron affinity GaAs. Tt 0

consists of a C.ags crystal which has been cleaned in 10.10- 0

ujltra-high vacuuim and coated with cesium and oxygen.

-he surface treatment his the effect of rne luc inn tie 1

work function to the point where the conduction band 1 5 10 50 100 200

l ies above the vacuum level byv an en :cy difference FWHM (meV)

defined as the (ne'~at]ve) electron affinity. 1Ilectrons

whin., ir': p.otoex-itec: inr! rel ix o~n to the conduction FIGURE 1. Cathode current and energy distribution width

b and minimum hav e nositive oner: iec with respect to the obtained by photoemission from NEA GaAs (X) aa compared .

to the beat reported performance of spherical (solid
-acuie level .then then lease th:e :otocatio~lv vhich. symbols) and cylindrical (open symbols) deflector mono- ...-

* qual the value of the electron affinity (-0.3 e.:). chromators. References for each point are given in

Ref. 1. The solid line represents the current being

ince t-ion man lo-;e u: to, tns same aniount if energv aIn proportional to the 5/2 power of the distributionwith
*ex it inp, an,! st ill escare the solid, the final beam wdh

c oil. !,ve an 'neri N spread .hich equils the electron 'iqgure 1 compares the performance of this alectron

f fi!ni1t v. The elctrons reach thermal equilibrium source to the best reported performance of electron

w'ie: is zt- conuct ion an(! and cnnuienlIv there is monochronators. A measured increase in current at the

Is,, : cnntnibut ion to the energy distribution which same resolution of a factor of 10-20 has been realized.

d(nds ,n tie crystal temperature. Additionally, since circularly polarized light was

o %,ere ahle, to abtain low eneray tlpread. hivh used, the electrons produced had an optically control-

crfnt #elentrot. WIams by roilifvinv the nc-position of able spin polarization.
2

t, iane layer aid cooling the photocathode. The

-irftn.- l iser was :idjusted so as toii aintain a sins 1 br References

but st ill nesnat i ve eIec t ron aff nit v. Fnervy distrilin- 1. C'. . Feiqzerle, D. T. Pierce, A. Seiler, and R. J.

tion -vosirements were rt.i' iisinc -10 nm raidiation and Celotta. AppI. Phys. Lett. 44, 866 (19'14).

:I hemrispherical enercy analV7Cer which sampled the bieb 2. DI. T. Pierce, F. .1. Celotta, G.-C. Wang, Wd. N.

ciarront elentrin !P. Ai '0 )V a currenqt of 7 uA was 'Inert 1, A. Italejs, C'. G. Pyatt, ';. R. 'lielczarek,

e nroducdl with an eneriv spread iif 07 neV (Vl-HM). On Rev. c i. Instrun. 51, 47P (1980).

ro nv to 77V', a 1 0A crrent was ob~tained and the Supportel in part by the Office of Naval liesearch. A

ener, wiidthi was reduced to 31 meV.

% .
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CHARG;E EXCE-A.NE DETECT 1114 OF LASE i- lit 1.0

TRANSIT lo::S 1.N MOLECULAR 1CNM% t%

C. I u,1. W. Millunan, T. C. Steimile, and J. T. M!osee ,.

j ~Chemical Physics Institute and Department of hss

In iver sity of Oregon, Eugene, Ore,,on 97,03

A se-lec ted ion flow tube (SIFT) apparatus has beer

usdto improve or our previtusle demonstrat-d ust oit

cartie exc hang e as a meains C, dueect la,,*r inislaved t ran- ___________ L'

s i t Ions. Ti1s charg exhane te, hnilUe , an be se

both a; sensitive le11l to std 1:u~r o

n',and b% extensio-n other ruca- t iv,- pt -ts5,.

ti -sl - t ed xc te ions 1 I n ' In aU 1) A iw UOAt

.r r-a xl t na r -.-. ti I cei t r -I st is N

.:se t-kr tr sie -i r--T- ,.ti t iis2

ie fi-lted. ta r :.-reof -ttn-rAt, cr50-tilt

In tsrpt ionj <ocr , r, -r.u, edzn ito h i . Figur 1 , A Y (40 Ab~ i n, 1cu Retardedh.

AB' + h A!" AB** + C -AIB + T 1 tnt iloaniest-, and, 'Cit t t theIid .4t I I II 1li 1, -

*Be .-iotsing a suitable charie exchanger C such that the brat ion spectra, nicf itted tite reslults t.) In tlt -t I ,

- reac,:t i on isI oxo tIievr m ic f or tIiec A st ateu . a t e n d othevrm i- lar i iton ian dove loped i-v Brown And co-workers. I e-,

*for thle X state, it is possible tO eliminate vssent ial.' are thu :irst experimentall1, determined molecular ~-
* all ulf thel b, kiroUnd siynil. ::,trtexample, our topical constants ttr this hand. The eatiit this

s-e, tr 'lave a bauckgrounul of less than 25 couints/sec-nd technique is indicated be the tact that tilt N+ I-),())

JdIsirinal of about 200 cotints set ond with tile laser andc lias i1 smill I ranck-3,-ndon fac-tor and las neet-r beern

tnd toI strotl', resonance. Seine, at the slt 101St soten in t,.-Ii-n. or with F.

lrit With SUch1 :',1d signal-to-noise' allW -l to simple : plan to, use this technique t, t-l.r t .t

uuirate meter with a tint- c-nstatnt 1' 2 'Ills to trllsc-pe - less wt Il-knowo snt-c Its in.! to -- ai o

ru-*ro sill-ctri. suchi as shown in !in,: 1, in -nle ibout srrb-[orletr mneasuremt-nts. as sl as i to ieest i ,ite itet

2 minutes. .4o dat-i averag,,ing is rtlqlirtk I i: . I cilirtrelllIir' tr-actioln, of t:- it.-I states. Ant i- i p ttI

shows a simple spectral line from, tihe \+ ± -\ 4,uture invvsti -atilns include:

band, obtilned with iittppler-limited rustliut ionT usini .1 -.!t ! the Tax-di ilni-l tobt-Tcre ti:-

a sitligle mode laser. The upper signil in thl-e ficlrt heorr; i nc strlre t t. u- retie

is la se-r 1 idut-d Ifl-zor v-Ienct vIl' of I taikten ro r it . V511 nlicrotwu.r.-t i 1 1 -uhit: !L -Tnii'lIt

*wavelenlgth cal ibratittn purposes. The thirrel exchanger buv thute tferliund titt 1 ,1-.-d ihit 71 1 i tt in in NI!

used was Ar. - Lasiirtrent o! lth, 1It11 c llc- r-1.

I sin) this Method,. eihive obtaiined tile f irst st i tns for t ile A5 -tj--------1 ,0 i% 17, 1 In. t in1"tp

Doppler-limited ;j-tri of tlit Co*1 .- X (1.0) band, and rotaitial and nibi i-n I I ,

we are In tile -prOc-s ill .bta in ing imprlle-d %I ClCU lar Bect--s

constants for this band. The- iiharc'- .. xciiatlter ilsta I 1.iin'i.I

was again Ar, witich is exuithermic for ti- uI .30 Att 7~ 1.- 4- 14 1ai.

but endothermic for the X state.2. .. h-nM. ai." 1 n:,l Mio, -

2. 1. t. r iles. iM . Sal 3197 'I 1_ rr, T - o

r
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A DETECTION SYSTEM TO STUDY THE STEREOCHEMISTRY OF MOLECULAR-IONS*

A. Faibis, W. Koenig, E. P. Kanter, Z. Vager, and B. J. Zabransky

Physics Division, Argonne National Laboratory, Argonne, IL 60439

in the last decade a rather large number of 'To avoid the extremely expensive single-wire read-
experiments studying the collision induced dissociation out for all of the 900 wires we chose to connect the

of fast ( MeV) molecular ions were reported. Foil- cathode wires through delay lines. Afr being"

induced dissociation (Coulom~'b explosion) has allowed amplified and discriminated the output of the delay

the study of a) the interaction of correlated clusters line is fed into a FASTBUS pipelined TDC. This module,

with the target, and b) parameters characterising the belongs to the new generation of standardized

structure of the molecular projectile prior to electronics developed for high-energy physics. It

dissociation, provides rapid and intelligent handling of multiple

Recent work as the Weizmann Institute in Rehovot stops allowing the processing of multiparticle events.

showed that a complete measurement of the final momenta The NUPPATS detector has been now mounted and is

for all the fragments can be used to generate the undergoing preliminary tests with particle beams from

spatial part of the phase-space distribution describing the 5 MV Dynamitron accelerator at ANL. Preliminary

the molecular ion. This opens the possibility of results with H+2 
H 
+ and p a H-2"+ 3 .. "''.be

determining the molecular potential energy surface for available by the time of the Conference.

small (3-4 atoms) molecular-ions. Also, by selective

excitation one could study the above-mentioned phase- Work supported by the U. S. DOE, Office of Basic

space distribution for different excitation regimes of Science under Contract W-31-109-FNG-39.

the molecular ion.

The experimental requirement is to detect in References

coincidence all of the break-up fragments and to 1. A. Faibis. Ph.D.-Thesis. Welzmann Institute of

determine for each one of them the three momentum Science (1983).

components in the center of mass of the molecular 2. W. Koenig, A. Faibis, E. P. Kanter, Z. Vager and B.

ion. To this end we designed, built and tested a J. Zabransky, NIM, to be published. -.-

MUlti-Particle Position And Time Sensitive (HUPPATS) 3. A. Breskin, Nucl. Instrum. Meth. 196 (1982) 11.

detector.
2 

The MUPPATS is a large-area (30 cm in r '.

diameter), Breskin-like gas detector
3 

with a wide

dynamical range. It is capable to detect 0.1- to 3-MeV

ions from protons to neon ions, with no change in the

operating conditions.

The main elements of the detector are three

electrode planes made of thin, parallel tungsten wires,

with wire spacing 0.3-1 mm. The planes are 2 ms apart

and rotated by 60', one with respect to another. The

detector volume is filled with isobuthane at 2-3 Torr

pressure. As charged particles pass through the anode-

cathode gap, the electron avalanche formed along their

trajectory is amplified and collected by an anode

wire. Simultaneously, electrical signals of opposite

sign are induced in the neighbouring cathode wires. In

this way, for each detected particle one obtains three " "

in-plane coordinates. The lapse of time between the

arrival of two fragments originating in the break-up of

the same molecular-ion is also accurately determined.

It measures the component of the particle separation

which is perpendicular to the detector plane.
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X-RAY PHOTOELECTRON SPECTROSCOPY OF ATOMS AND MOLECULES:

WINDOWLESS X-RAY TUBE FOR HIGH TEMPERATURE MEASUREMENTS ',, e

* C

M. S. Banna and B. H. McQualde

Vanderbilt University, Department of Chemistry, Nashville, Tennessee 37235

One of the main difficulties encountered in high C, -

temperature gas phase XPS is the failure of the thin

window used to transmit the x-rays into the ionization-t ',

region. Without a window, the x-rays will be quickly

attenuated due to condensation of the sample onto the

anode surface. For temperatures below -600'C Al foil

can often be used, while carbon or beryllium films are

suitable at higher temperatures. In some cases, how-

ever, the vapor reacts with the window material or

simply condenses on the surface ue to the difficulty

of keeping the window hotter than the remainder of the

oven. Add to this the fragility of carbon films and

the toxicity and cost of beryllium foil. Ihus it is

highly desirable to eliminate windows altogether.

We have constructed an s-ray tube with a slowly

r trting ( 60 rpm) anode, which sakes possible the ' s. .

continuous sraping of the anode surface. In this

manner a sufficient x-ra' flux can be maintained with-

out using a window. his arrangement paves the way for

the study tt numerous mere species In the gas phase

At high temperatures. Sample spectra Illustrating the

performance of the x-ray tube will be presented. [.JL..

"- .. --" -"

* .- ' - .", -.
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MULTICHARGED ION-ATOl MERGED-BEAMS APPARATUS

C. C. Havener, H. F. Krause, and k. A. Phaneuf

Physics Division, Oak Ridge National Laboratory* %

Oak Ridge, Tennessee 37831 USA

An ion-atom merged-beams apparatus has been devel- beam-gas interactions by using a standard beam-modulation "

oped to measure total 'lectron-capture cross sections scheme to chop both the multicharged ion and neutral .

for collisions of multicharged ions with neutral atoms beams, and to gate dual counters to record both signal- . .

in the energy range from 1-500 eV/amu. The objective is plus-background and background events. Current operating

to extend existing measurements for these collisions to parameters for the experiment are summarized in Table 1.

considerably lower energies, where theoretical models The signal-to-background ratio is sufficient to permit

and methods remain essentially untested. In some the necessary diagnostic measurements to be made on the

ultiply-ionized systems, an orbiting mechanism may be signal in several minutes. Developments to allow addi- .. .

-,'xected to produce very large electron-capture cross tional measurements of the spatial overlap of the beams

se-tions w-ith a l!v velocity dependence at low collision at different points along the merge path are under way.

ener.ies. This will be required for definitive absolute cross-

The corrent arrangement of this experiment is shown section measurements. Since such electron-capture colli-

in the figure. A 2-5 keV/amu, highly-collimated beam of sions are predominantly exoergic, we hope also to be able

h- or D- from a duoplasmatron ion source passes through to obtain some information above the electronic states of

the optical cavity of a 1.06-= Nd:YAG laser, where 1-2 the product ions from laboratory kinetic-energy analysis

kW of cw circulating intracavity power is maintained, of the product protons or deuterons. With minor modifi- " -'

Photodetachment of roughly 1% of the negative ions pro- cations, the present apparatus can also be applied to the .

duces a highly-collimated flux of ground-state neutral study of electron capture in collisions of H- + H at low Lr.'

H' or DO atoms of up to 2 x 1011 per second. The unde- energies.

tached H- or D- beam is electrostatically separated from

the neutrals, and collected in a differentially-pumped Table 1. Typical operating parameters

beam dump. For initial tests, the apparatus has been
D- beam: E - 6.00 keV; I(D-) = 2 pA; I(DO) - 15 nA.

operated on-line using the ORNL-PIG multicharged ion N
3+ 

beam: E = 36.0 keV; I(N
3
+) - I pA

source, which generates a highly-collimated 1 pA beam of
N
3+ 

at 36 keV. This beam has been successfully merged Ct o a er 6 e m

with a 3 keV/amu D
° 
beam in the 75-cm ultrahigh vacuum Herge path - 75 cm

merge path. A two-dimensional real-time scan of the Merge path pressure = 1.5 lO1
0 
torr (base),7 - 10

- 1 0 
torr (w/beams) ""- "

spatial overlap of the beams at one position near the 7 10-1n tor ram0-

center of the merge-path is generated by a commercial
Noise from N3+ beam - 50 s

-

rotating-wire beam orofile monitor. The ions are magne- Beam-beam signal - 80 s
-
l

tically demerged, separating the H+ or D+ from the N3+ emeam siga o 0 on

N-
+
, and the neutral HO beams. The H+ and D+ produc-

tions are further electrostatically analyzed at 90* from 2-dim beam-overlap factor - 0.25 cm
2

the plane of magnetic dispersion and focused onto a "

channel electron multiplier where they are counted. Research sponsored by the Division of Chemical Sciences,

Signals in the W
9.
(D

+
) detector resulting from beam-beam U.S. Department of Energy under Contract No. DE-ACOS-

interactions have been measured above background due to 84R10wihMrnMaetaneg..ytmIc

XS FROM MULTICHA RGEOO 0

ION SOURCE
,ON SOURCE 105-30 .. KI "V. .

CHARGE SEPARATION MAGNET

IDEMERGING' X'

PAR LLEL PLATE MERGE SECTION
ANALYZERS

n
. 14 t- - ". VIM'' -

310 BEDN MSNT EAM PROFILE MONITORS- -"•"•"-

SENONG MAGNET MNON-

C. Nd VAG LASER
INEUTRALIZATION)

H BEAM DUMP

iON-ATOM MERGED-SEAMS EXPERIMENT

'li-

• . - . - . - . o . . . .
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REALIZATION OF A TRUNCATED SPHERICAL ANALYZER FOR

PARALLEL MEASUREMENT OF ANGULAR DISTRIBUTIONS

D. Tremblay, D. Roy, and D. DubO p-

OEpartement de Physique et Centre de Recherche sur
les Atomes et Molecules (CRAM) Universit@ Laval,

Quebec, GIK 7P4, Canada

We present here the current state of the realiza- inside, the large sphere was cut into two halves, which

tion of a new electrostatic electron spectrometer based accounts for the reduced precision. .-.-. .

on a modified design of the electrostatic spherical

mirror proposed by Sar-El1. In the latter proposal,

both the source and the detector lie inside the inner Outer sphere

one of two concentric spheres and on a common diameter

which represents a symmetry axis of the analyzer. The l-ted elect

electrons leaving the source in a direction normal to

the axis enter the gap between the two spheres and are

deflected by the electrostatic field. Those with pass D-eto
chamber,"'- -.

energy reach a first focus inside the gap but, because

of the symmetry about the axis, all the emission (or Inn er

scattering) angles are thus separated. After the first

focus, electrons are focussed back inside the inner 11 Retarding lens

sphere at the opposite point of the source where Sar-El .P Symmetry axis

suggested that the detector should be placed. Moleculor Collision
beam zone Gas inlet

In a previous work
2
, we proposed to perform elec-

tron detection at the first focus inside the gap. The Fig. 1 Schematic view of the analyzer: The projectile

addition of a retarding lens moves the effective source electron beam is coming out of the plane. The

(see Fig. I) and the focus Iocii. We computed the per- analyzer is symmetrical about the axis shown

formances of the modified analyzer and showed that good and thus parallel detection is possible.

energy resolution together with parallel detection of

angular distributions were possible.

References

The analyzer under realization is designed for 1. H.Z. Sar-El, Nucl. Instr. Meth. 42, 71 (1966).
electron-gas applications although photo-emission and 2. D. Tremblay and 0. Roy, Nucl. Instr. Meth, 220,

surface studies could be possible. The monochromatic 270 (1984).

projectile electron beam is produced by a classic

127.30 cylindrical deflector outside the spheres and

carried to the collision zone by electrostatic lenses.
Inside the analyzer gap, electric field distortions

caused by lenses are prevented by correcting plates.

These plates divide the analyzer into two parts. In

the first one, 19 continuous-dynode electron multipliers

achieve the discrete multi-detection in a scattering

angle range of 1500. In the second part, an extended

Faraday cup measures the total cross section. Data

acquisition is performed by independent 32 bit counters

controlled by a TI 9900 microprocessor.

The spheres were made of aluminum in a lathe

with tolerances of about 0.05 mm for the larger one

over a 260 mm diameter and half these values for the . -

smaller one. In order to allow easy access to the

. . -° °= . ° -o ...... . • --6 .r... . . . .. . ..... . ....... ... ..... .
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SIMPLE, LOW COST, DATA ACQUISITION SYSTEM FOR EELS

G. G. B. de Souza, F. C. Pontes, H. Gamal

Instituto de Quimica da Universidade Federal do Rio de Jan-iro

Cidade Universit5ria - 21.910 - Rio de Janeiro - RJ - Brasil

A simple and inexpensive data a,-quisition pes, hard disks or plottcd out by a high qua-

system has been developped and interfaced to an lity color plotter. The other link is used

intermediate energy, low resolution, electron- for transf-rring data from or to the memory

energy loss spectrometer, which has been descri of a multichannel analyzer (Tracor-Northern

bed earlier'. 1'05).

"The system is based on an Apple II micro- The programs have been written in FORTRAN

computer with 64 kbytes of RAM, a :-80 card and although some critical parts have been writ-
a 5 1/4" disk-drve. ten in Z-80 or 6502 assembly language.

The data acquisition interface contains When compared to the previously described

a programmable timer and pulse counter, input system' the present one has demonstrated a

and output parallel ports and two serial-data comparable performance and a definite advanta

links. The input/output ports are used for ge as far as simplicity and cost are invol-

reading the pressure inside a high vacuum cham- ved. L_._

ber by means of a digital ionization gauge (Va- Financial support from the Conselho Na-

rian S45) and to control the output voltage oi cional de Desenvolvimento Cientffico e Tecno

a programmable power supply (Bertan 205-A-01RJ l6 gico (CNPq) and Financiadora de Estudos e

The timer-conter was designed around an Intel Projetos (FINEP) is gratefully acknowledged.

8253 integrated circuit and uses the Apple

clock as time base. It allows for the counting REFERENCES:

of up to 2 32 pulses per channel and for

dwell times in the range of 1 to 2 ** lb msec. 1) G.G.B. de Souza, A.C. de A. e Souza, R. de

A versatile software has been developed B. Faria, in Electronic and Atomic Collisi

offering the following capabilities: ons, J. Eichler, W. Fritsch, editors.

A) Setting of various experimental para- North-Holland, Amsterdam, Oxford, New York

meters, such as the number of scannings, power and Tokyo, 1983 (page 707).

supply voltages, range of allowed pressures,
etc ."-.

BI Normalization and presentation of the

spectrum, during acquisition time. Each scan

can he stopped and the spectrum expanded and .

inter-ited between t~o chosen points.

;he .peration> are eased by the use of a po-
tenti,.eter hich controls a cursor on the

.rct,7. rhe acLIulsiton can be restarted from

t , current point or from the beginning, with

ithout parameter modifications. PTO 44
C* Automatic data saving after a chosen

number of scans and reading of another data fi

le, arithmetic operations with Ve two sets of

dat a.

The serial data links are software con-

trolled. One of them turns the microcomputer

in a TTY-like terminal of a Burroughs 6700 com

puter, where data can be saved in magnetic ta-

.- "-" . . i.?. .i. .- . .- ... . . -. .- -- .v, . -. ..... . .... - .- - ,-,." .- v v. - . -. v -, - .. ,-,,, 2.- .-.- ,.-.-, -
- ' '. - . ', • .- " ,-+ . •" - "-•, ' . " % . " - . % " ". "• " " " " '" * £ •-.* ' ' . ' ". "--.. .. 2 .- '. -Z . -

. -
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DETECTION OF LOW-LYING METASTABLE MOLECULES BY PHOSPHORESCENCE OP FLUORESCENCE

Hiroshi Kume, Tamotsu Kondow, and Kozo Kuchitsu - -

Department of Chemistry, Faculty of Science, The University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

The A3C+ and the a
1
E states of N2 molecules were Biacetvl was used in this case, and the phosphorescence

detected selectively by observing the phosphorescence from spectrum and the corresponding TOE were measured. It was

biacetyl and the fluorescence from anthracene respectively found that benzene in T 1 was actually detected with an

adsorbed on a copper substrate with detection efficiency efficiency of about 210 . T7,is metastable detector was

of about 10. This technique was also applied to deter- found to be stable and reliable for more dlan 10 h at a

tion of other low-lying metastable states, such as the pressure o 10 torr.

lowest triplet states of aromatic molecules, where a

detection efficiency of 2x'O-3 was attained by using

biacetyl as a phosphor.

A nozzle beam of metastable molecules was produced i / F

by+ electron impact (energy spread: 0.8 eV) and was allowed ) function-for
Z ' Excitation function for

to collide on a phosphor surface. A spectrum of theL I 3"
t a I N 2(A E+). Broken line

resulting emission was observd when th,, metastable mole- z / 2 u
rules excited by a continuous electron beam were impinged shows the excitation

on the phosphor surface. The time dependence of the function measured by

emission (TDE) was also measured by use of the metastable 5 10 15 20 Auger electron emission
ELECTRON ENERGY /sV from a Cs surface.

1  
. .

beam excited by pulsed-electron bombardment. The phosphor 
--" ENERGY / r C f

was deposited continuously on a cold copper substrate

*-. (77 K) during the measurement. "'._

Phosphorescence of biacetyl was observed when meta- >Y-"T" - S'.""' "I-
stable N molecules were allowed to collide on biacetyl - #"
surface. The shape of TOE was found to be independent of 'I Fig. 2:-

the electron impact energy and determined by the velocity Excitation function for

distribution of the N2 beam and the lifetime of the phos- , , N2 (ag. . frukn line

phorescence; the lifetime was estimated to be 1 ms. An t shows the excatation " 
.

excitation function estimated from the integrated TDE is 10 15 20 25- cross section for N-

shown in fig. 1. The threshold energy (6.2±0.8 eV) corre- ELECTRON ENERGY b eV 3

sponds to the excitation energy of the A3C state. This impart.
u

threshold energy and the peak position at 12 eV agree

with those in the excitation function of N (A 3)Z+ measured

using Auger electron emission from Cs metal. However, ,,*'

our measurement gives significantly higher intensity in .. -

the low-energy region (6-9 eV). The detection efficiency t Fig. 3:

for N2 (A
3
C+)was measured to be about 10

-  
which is com- +/ 'f + Excitation function for P

parable with the secondary electron yield of a typical I., benzene(T ). Broken
3 + 2 lire shows the excitation

Cu-Be-O surface by N2 (A E). f

(a E function m~asured by
By using anthracene instead of biacetyl, N 2 (a5 7 9 1 1 5 ue eetofeiso

was detected selectively by observing Its fluorescence. 3 5 7 9 4 13 15 Auger electr emission

The excitation function estimated from the integrated ELECTRON ENERGY /-eV fro a sodium surface. low

intensity of TDE agrees well with that measured by References

electron energy loss spectroscopy. The fluorescence 1. J.C. Henminger, B.C. Wicke, and W. Klemperer, I. Chem.

spectrum accords with that for an anthracene single Phys., 65, 2798(1976).

crystal. This agreement implies that anthracene molecules 2. W.L. Borst, Rev. Sci. Instr., 42, 1543ll978).

on the surface are well-oriented. The detection efficiency 3. D.C. Cartwright, S. Tr;ijnar, A. Chutjian, and W. Williams,

was about 10
- 3

. Phys. Rev. A, 16, 1041(1977).

The present technique was further extended to 4. K.C. Smyth, .I.A. Schiavone, arid R.S. Freund, .J. (hem.

detection of benzene in the lowest triplet state (T1 ). Phys., 61, 4747(197.).
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MEASUREMENTS OF LASER EXCITED ATOM POPULATION IN Na VAPOR AND FAST Na BEAMS

D. P. Wang, S. Y. Tang and R. H. Neynaber r,

University of California, San Diego, La Jolla, CA 92093, USA and
La Jolla Institute, La Jolla, CA 92038, USA

A beam-gas technique involving ion-pair production a Voight formula modified for power broadening. As an

in alkali-halogen collisions has been used to measure example, at E = 5000 eV, the measured linewidth is 45 .

the fraction, f , of laser excited Na atoms, Na in Na MHz, and the derived Doppler width and power broadened - "

vapor and fast (keV) Na beams. The method as applied natural linewidth are each about 30 MHz. A rough value

to a beam will be described first. The beam consists of of f, which is more realistic than f ma' can be ob- M "max -.- 5
"2 2

Na in the 3 = 3 state and of Na in the 3S F tained by assuming that all of the atoms with Doppler

1,2 ground state (GS). The Na is produced from F frequencies within the power broadened natural line-

2 CS Na by a Coherent 599-21 single frequency CW dye width are excited whereas those outside are not. Thus,

laser pumped by a Coherent Innova-5 Ar ion laser. The f (30/45)" (5/16)=0. 21. Contributions to the Doppler

bandwidth of the laser is approximately 1 MHz. The width from angular divergence are negligible compared -

laser is aligned so that the light beam is coincident with to the velocity spread associated with the source.

the atomic beam, which is generated by charge-transfer- Two obvious facts emerge from the previous discus-

ring Na (from a surface ionization source of fused silica sion: a) the calculated f of 21% is considerably larger

glass) in Na vapor. The method consists of passing the than the measured value of 6. 5% and b) the actual Dop- I.--'

atomic beam through a vapor of 12 in a cell and measur- pler width of 30 MHz is much greater than the 3. 9 MHz

ing, with the laser on and off, the Na current resulting calculated for the accelerated beam. The first fact can

from the ion-pair production reaction Na+I 2 - Na + 12. be explained by optical pumping, which arises from

The technique works because the crossing radii are wing absorption of the power broadened natural line-

quite different for GS Na and Na and allow only the width. The second could be the result of a large velocity -. ."

former to react. For an optimum laser power of spread of Na+ from the source due to resistivity and a .
2 -

100 mW/cm , measurements of f were made for a lab- variable work function of the fused silica glass.

oratory energy, E, of the Na atoms from 1000 to 5500eV The method of measuring f for a partially excited

and ranged in value from about 3% at the lowest E to vapor of Na confined to a cell will now be described.

6.8; at the highest. The technique should work for much The vapor is typically at a pressure of 0.1 mTorr and is

lower E but with more difficulty because of smaller excited by the same single frequency CW laser described

beam intensitie' and increased elastic scattering. previously. Coincident with the laser is a Cl beam at,

The theoretical maximum f , f max' for our accel- typically, E = 4000 eV. This beam is generated by elec-

erated beam can be calculated from the statistical tron detachment of Cl" in 0 The Cl-, in turn, is

weights of the GS hyperfine levels, i.e., fmax 
= (5/8)/2 formed from CCI 4 in an electron impact source. As be-

= 5/16 31 '.. This calculation assumes that the Doppler fore, ion-pair formation is used to determine f Cl is

width (full width at half maximum, i.e., FWHM) falls detected from Na+Cl -'Na +CI . The measured line-

within the 10 MHz natural linewidth of Na-D 2 line. This width for the function of Cl intensity versus laser fre-
22

is the case since accelerating the beam drastically re- quency is about 3.9 GHz. The Na is in the 3 P3 / 2
duces the velocity spread due to the source. For ex- state, but the hyperfine distribution cannot be specified.

ample, at E= 5000 eV, the calculated Doppler width due If no is the constant density of CS Na atoms in the cell

to the 1300 K source is only 3.9 MHz. Actual Doppler and ni: (x) the variable density of Na along the axis x of

widths are determined by fitting a calculated lineshape the cell of length L, than f is defined as f

to the measured curve (ion-pair production versus laser (n 0 L) -. n (x)dx. A typical f = 0.02 for a laser
2

frequency). The calculated lineshape is obtained from power of 1000 mW/cm

The Na generated in both beams and vapors has

Supported by NSF CPE83-10965 and the Air Force*
Office of Scientific Research (AFSC), under Contract

No. F49620-84-C-0058. - Na + Na
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PRODUCTION OF H2+ IONS IN LOW VIBRATIONAL STATES

USING A RADIO FREQUENCY STORAGE ION SOURCE

A. Sen, J. Wm. McGowan and J.B.A. Mitchell

Department of Physics, The University of Western Ontario,

London, Ontario, Canada. N6A 3K7

A storage ion source (1) based on the principle of primary and secondary ions are accelerated, focused by an

confinement of charged particles by inhomogeneous oscil- electrostatic quadrupole doublet and analyzed by a mag-

latory electric field has been built for production of netic mass spectrometer. The secondary ions are detected

H2+ ions in the lowest two vibrational levels. The on a channeltron.

source consists of a stack of plates each having a U- The results of the threshold measurement for the

shaped hole in it (see Fig. 1) and alternate plates are process, H2+(v) + He - H+ + H + He, is shown in Fig. 2

connected to a suitable radio frequency source, where the relative cross section of H+ production has '.

-- , % £ ORAO~been plotted against the ion kinetic energy. With H2+.Ne %

f:,ORAOE ION SOURCE (1:5 ratio) mixture in the ion source at a pressure 80

ELECP* MTRO 0 mtorr, only v = 0 and 1 levels are seen to be populated.
For comparison, the source was tried with pure H 2at 10

mtorr and the data clearly indicates that higher vibra-~RFPLAES
tional levels up to v = 10 are present. By taking a mix-

ture of H2 + He (1:10 ratio) at 100 mtorr, vibrational

levels above v = 3 are effectively quenched.

Re ference -AIL

1. E. reloy and D. Gerlich. Chem. Phys. 4, 417 (1974).
Fig. I Plates of storage ion source and the 2. W.A. Chupka and M.E. Russell. J. Chem. Phys. 48, . . '.

U-shaped holes. 1527 (1968). -% .

Electrons from a filament are accelerated into the source 3.Ion phvs. 2, 355Pacak(1977). Int. J. of Mass Spec. and--

through one limb of the U-cavity and ions are formed by 4. Z. Herman, I.D. Kerstetter, T.L. Rose and R. Wolfgang. *1. .

electron impact on gas molecules. The inhomogeneous r.f. Rpv. Sci. Instrum. 40, 538 (1969).

field produces an effective potential well with steep

. wall, in which ions are stored for some time before " "--"-" H."

. being extracted through an exit hole in the other limb of

the U-cavity. During the storage, the ions suffer many i ,. i0,,0. .

collisions with the neutral gas which is the key to + O f, {) 52 Atsi.

vibrational de-excitation.

From the photoionization of H2 with rare gas mix- - 2."

(2)
tures, the following reactions are known to have Z t

definite threshold for ion vibrational energy. -

Hz+(v.2) + Ne - NeH+ + H

H2 +(v
>
, 3) + le - HeH+ + H T I

" By using a mixture of Ne or He with H 2 in appropriate
(3) ~.

. proportion in the ion source and operating the source "

at high pressure (about 0.1 torr) higher vibrational -

* levels of H2+ ions have been effectively quenched leaving T

the lowest two vibrational levels. State selected H 2+ T L"

ion beam of 10-A or more has been obtained. I _______"
A new low energy cross beam (ion-atom) apparatus has a Ia 2o c So O 7,o"0

Silll ll ll l, I l I i ¢A i

been built for the determination of the quality of these '" '.

ions by threshold measurement of collisional dissociation . :n 4

Of H2+ with He. Ions from the storage ion source are

extracted, focused by an einzel lens and aie mass selec-

- ted by a Wien Filter before being decelerated to the Fig. 2 Relative cross section of collisional dIiso- .e -
(4) ble .  catiot of fl.: on lie as a function of ion

required energy by a deceleration lens Then the H2+ kinetic energy for different scurce condi-
tions as indicated. liresholds for different

ions cross a modulated jet of He at right angles. The vibrational level, of H2 are also shown.

.- .. . .
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CHARACTERISTICS OF A LASER-GENERATED PLASMA

AS SOURCE OF SOFT X-RAYS (200 eV- 1 keV)

H.C. Gerritsen, H. van Brug, F. Bijkerk and M.J. van der Wiel

FOM-Institute for Atomic and Molecular Physics,

Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

The plasma generated by a pulsed laser beam focus- the range shown in fig. 1, amounts to approx. 109 photons

sed on a metal target has attractive properties as a per laser shot. The output is remarkably reproducible, in

source of soft X-rays. We report a study of the charac- the order of ± 1% from one shot to the next. The depen-

teristics of such plasmas from various arget materials, dence on laser pulse power is approximately linear. The

including emission spectra from 200 eV- I keV, source X-ray flux quoted above suffices to perform transmission

size and photon flux. The plasmas were generated using a EXAFS measurements on gases and thin foils in single la-

2' 1, 13 ns YAw;- glass laser; frequency doubling was ser shots (fig. 2). Strobe measurements on transient phe-

used in order to optically isolate the laser from the nomena are presently being considered.

reflecting plasma. Focussing with an f = 120 an lens pro- Reference

duces a pmwer de,.2'::y at the target of 1013 W cm
-2

. The I. H.C. Gerritsen, H. van Brug, M. Beerlage and M.J. van

target is rotated after each laser shot (rep. rate 
2
/mi- der Wiel, Nucl.lnstr. and Methods, to be published.

nute a.- "- a
m.0 ra are m n nw 3

AI
X-rays within an opening angle of 2.10

- :
' Aad are M. , ,1 1 11 Al"'1

0 a in1 a to1
accepted by a toroidal mirror to give a stigmatic image U (U lu (U A1 "

of the source. A scan of a narrow slit across this im- 0 I
age allows a determination of Zhe source size, which we

found to be approx. 85 pm.This value is to a large ex- II
tent independent of the target material and the X-ray fu-

wavelength. The image serves as the object for an X-ray r"

polychromator
I 
covering the spectral range from 1.2-6.5 o;_

nm. The polyclromator employs a holographic grating to C

disperse wavelengths in the range indicated across a po- m . .
Lw

sition-sensitive X-rav detector. This detector consists 0 %

* of a Au electrode, from which photoemitted electrons are~Carbon K-od g
guided by a 1 kgauss magnetic field to a channelplate/ M Carbon K-edge

phosphor combination, with optical read-out. The overall .

photon energy resolution is 6 eV FWHM, which is limited 3_ _-"_-_-_-_

but sufficient for the (surface) EXAFS studies planned E negy0 450 S0 6e0 7s0

- with this instrument. 
....

. The emission by the plasmas consists of a smooth
bremsstrahlungs background, on which atomic lines are FIC. 1. Emission spectra of Al and Bi targets, uncorrect-

ed for polychromator transmission. Integrated
superposed in certain spectral regions (see figure 1). yield for Bi approx. 1O

9 
photons per laser shot.

We have recorded spectra for Mg, Al, Ti, Fe, Ni, Cu, Mo,

Ag, Ta, Pb and Bi. The features in the Mg and Al spectra o-

are easily identified as arising from He-like (l- 2 con-
shot

" figurations, which capture an electron and - after cas- :3

cade - produce the lower lines of the MgX and AlXI spec- .0
L

tra. Similarly, in Ti, Fe, Ni and Cu, Ne-like ions are 0

responsible for the line-emission. In both cases, plasma

temperatures of at least 200-300 eV are required. The

heavy elements Ta, Pb and Bi show no atomic lines in the V 40 shots

* range Under investigation, reason for which these are c o ............-

the preferred choice for absorption studies. Neverthe- 0dloI Qistributlon Functon 0Angstrom.

r
7  

less, spectra from one of the lighter elements can ton-
veniently be used for rapid energy calibration. FIG. 2. Radial distribution function of distances in Ti

foil (150 nm thick), derived from EXAFS spectrum

" fhe total flux of X-rays from Hi, integrated over taken in one laser shot, resp. forty shots.

-. .. . .. . .. .,

:- " " ................... "..'""" ""-"'.".. ... " "'' "
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DIAGNOSIS OF SPIN POLARIZATION IN AN OPTICALLY P1IMPE0 SrDIril1M REUV4"-

J. J. McClelland and M. H. Kelley"" . -

Radiation Physics Division" '_
National Bureau of Standards

Gaithershurq, MD 20)894

The recent development of an apparatus for meas- 0.04

%t uring spin-polarized electron scattering from spin-

polarized atoms
1 

has provided the impetus for an inves-

tigation, hoth experimental and theoretical, of the 0.03

degree of ground-state atomic spin-polarization achier-

able with laser optical pumping in sodium. From the

simplest description of the optical pumping process one

expects that, using a circularly polarized pump laser

tuned to the 3S 1 / 2 F=2 - 3P 3 / 2 F=3 transition, an 0.01

atomic polarization of 5/8 can be achieved. 2  This cor-

responds to all the 3SI, F=2 population being concen-

trated in M.=+2, and the 3S1 2 2 F=l population bein0 0 10 20 30 40".''."%.
uniformly distributed. In fact, the net polarization

can he less, as a result of either residual population Laser Intensity (mW/cm 2 )

of levels with 2 in F=2, or a transfer durinq the

optical pumping process of population from F=2 to F=l. 7iq. I. Fractinnal increase in SI/2 i = pipIlation as

We have investigated these two potential sources a function of pump laser intensity. Lower
snlid curve: Calculation with no transverse-

of incomplete atomic polarization hy ohservinq the doppler width, fashed curve: Calculation

intensity and polarization of the fluorescence arising with 0.51Y "wrong" polarization. Upper solid
curve: Calculatinn with 10 MHz PWHM

from a second, probe laser intersecting the atom heam transverse doppler width.

3 cm downstream from the pump. Residual population in

c=2, MF<
2 

is diagnosed hy monitoring the polarization

of the fluorescence when the probe laser is circularly ,lt evpeqmert& in,',., - .

polarized and tuned to the 3S/ 2 - 3P3/ 2 F=3 tran- teat an atomic spin polarization 0f O.60q-.(I8 can he

sition. Transfer of population to F=l is detected hy achieved reliably and reproducihly, given the following

tuning the probe to the 3SI/2 F=l - 3P 1 1 2 F=I transi- Pxpprimental conditions: a residual maqnetic field

tion and monitoring any change in the fluorescence less than I3imG. a degree of circular polarization in

when the pump laser is turned on. te pimp laser hetter than [1.g9q-, frpqipncy stability

The theoretical investigation consists of a calc - of the pimp laser hettpr than 7 MHz, laser intensi'ies

lation of the time dependences of the atomic stare tn the range 6-1? ai/cm
2
, and an interaction length .;

populations in the optical pumping process using a

numerical solution to the equations governing the time

evolution of the density matrix.
3  

This approach has

the advantage that the power-hroadenpd transition proh- * r )p r-, n-i ,j . . , ', , n.,.

abilities can he correctly treated in the transient Office of Rasic Ener.y Sciences, livisrnn of

period (before optical pumping is complete) where co- Chemical Science.

hprence phenomena such as Rahi oscillations may have 'M. H. Kelley, W. T. 4nqers, 4. J. Celit*a and

important effects. The time dependences are integrateo . 3• Mielzauek, Phys l ev. .- 'J. I * /lI ' l) . VIM.

*over a transit time distribution, which arises from th(e 21. V. Hertel And 14. Still, ',v in -~rr31 i,0 -

velocity spread in the atomic beam, and the resultin ular Collisions 13, 113 *1'f.,

average increase in F=l population is compared with ex- 3.1. J. McClelland and 4. i. Kelley, PhyS. lev. A.

periment. The comparison is favorahle when account is %srhmittedl.

taken of the small hut finite residual doppler width i,-

the atom beam.

4.
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ELECTRON LENSES WITH CONTROLLED MAGNIFICATION

D W 0 Heddle, N Papadovassilakis and Carol Trager

Physics Department, Royal Holloway & Bedford New College,

Egham, Surrey T1420 0Ca, U.K. olg

We have examined the behaviour of a class of For other overall voltage ratios it is convenient

eloctrostatic lens systems which exhibit controllable to express our results as lines of constant parameter on

--.n ni:ication over n wide range of voltage ratio. The axes which show the potentials of the second and fourth

lens svst ms can be considered as two lenses a distance electrodes (the "focusing" electrodes of the 3-element -

.a cncrt placed centrally between two conilugate points a lenses) in terms of the potential of the first electrode.

!-istonco 2d apart. For the photon optical analogue of -.

:tin lens in air it is easy to show that the focal

* I 'oths11ut satisfy v

Yd 
= 

(!-3f,/d)/(3-8f,/d) - (1)

:.il -. at the transverse m-agnification can be eypressed

in t,ns of one focal length by W3 4

> = -(3-d/f,) = -1 /(3-d/f). - (2)0

Ie lenses we have studied consist of two 3-element V/VI "

c.linder lenses with the central element in common thus

:,rini a 5-element lens. The use of such a lens as an 1 2 
,

af"cal or telescopic lens was described several years 4

.ac and it has been used in a number of laboratories M. -r --
both in electron guns and as the output lens of electron

monochr ir.ta ors. Iv /v .o " "" I , I
0,1 1"0 V4AV 10 - '- '" %

FIGURE 2 Lines of constant M, l' and voltage ratio for

3 the 5-element lens having 2d 
= 

9D - . -

Figure 2 shows such lines of constant magnification

M, angular magnification, M and overall voltage ratio, "- .- =

22 V for a lens having 2d, the separation of theV51,

fconjugate points, equal to 9 times the lens diameter.

These three parameters are naturally linked by the Law of

Helmholtz and Lagrange, but it is clear that a wide range

of either magnification may be obtained at a given value -..-. -

of V /V

1 2 3 The data of fip.2 were all obtained with the

i/fl potential of the central electrode, V3, constrained to be

such that (V3 /V1 ) (V5 /V 1 ) . In principle it should be

FIGURE 1 The focal length relation of equation i. The possible to adjust a further lens parameter if V3 is not

noints are for a 5-element lens. so constrained and we shall show measurements of the

spherical aberration coefficients of these and similar

It has the probably unique property of a lenses.

. magnification which can be expressed in terms of the We have made further measurements on a similar,

' overall voltage ratio as 4 = -(V 5 /V1 )
- 

and which does but shorter, lens (2d = 6D) and find that the range of

not depend on details of the lens dimensions or the magnifications is smaller, but it may be the case that

" ,osition of the conigate points. Figure I shcws that the aberration behaviour is better.

"- the behaviour of this lens is reasonably well described

* by equation I for the special case of V/V 1  I which . .- .

approximates the "thin lenses in air" condition. D, W.0.lleddle J.Phvs.E.Sci.Instrum.4, 981 (1971)

"" i.......
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SECOND ORDER REDUCTION OFDPLRBRtOADENING. OF Pk . ...j~r
IN A POSITION SENSITIVE 300 PARALLFL PLkTK ANALYSER

Joseph K. Swenson

University of North Carolina, Chapel Hill, NC 2751!.

and Triangle Universities Nuclear Laboratory, Durham, NC 2 7 7ob

*In order to study correlated and uncurrelated F'ig. 2. XO0.5

* electron transfer (e.g. RTE and NTE as has been done by

Clark et al.
1

) through observation of the Auger decay

channel, an electron spectrometer must be capable ofW

resolving Auger lines which arise from different ionic

charge states and electronic configurations. These E 5

objectives can he attained by means of a position

sensitive microchannel plate detector which can he

remotely positioned in the focal plane of a parallel

plate electron spectrometer.
2

Through re-analysis, of the focal properties of a

p arallel plate analyser (PPA), taking into account the R

* angular dependence of the electron energy due to the

*kinematics of a moving source, second order focusing of E

proectle eletrns anhe chive) Fr gienFigure 2 shows the computed point source line shape

source velocity and ohservation angle, kinematically ontedecr liwhhis agnt otefcl

shifted electrons are focused, as a function of electron curve in fig. 1, where 0 =9.55", and the angular

-* ~energy, along A curve which is displaced from the normal acetneo th CP isA *3. ahscesvept

focal line. This curve can generally be approximated by sosteln hp ttecne ftedtco. A

a straight line as can be seen in fig. 1. This enables the detecl is moved from its normal location (for a

one to make use of a position sensitive electron sainr ore )t h oainweescn

detetor inan pprpritelydesgne anlysr.
2

order focusing occurs (Rf = 1.166 in units of plate

separation) a net reduction in base width of I!. and art -

SPECTROMIETER Fig. 1.nraei itniyo 17rsls '

B H Z PLATE Ices nitniyo 1 otls

* I For the above casel (A$ 0 *3"), the has,- width of

9 the second order refocused peak about 60" greater than

.. that which results; fo r .a stait lona ry sor, For

1A 30" electrinns moving at or greater than twice the !in velo-

* V. =V, ciy hebs width of -uscond 'rir o 1edln

* ~shape is l107 - 201% greater thin that for a stat ioonrv

source. This is a si-'noi cant i spr celtn i-

performance as compared to when in I v first orde-r

.5refocus ing is ach ieved. Ther - br,- one. .in i I lt

entirly eiminte kiiemri c iln, hroadon.hi,w inI thios

I 6 iS U high efficienicv, ingi this toi-h-itijoe
X (units) This work is siortirtel h; lii. Cleii Siices

Fig. I shows the computed focal curves;, which have fliviliu1, H.S. O.O.F.

a lab energy width AE/E =1100%, In a 30' PPA for
Refe rences

observation angles 0 from Wto fi0' where the cetr i

mass electron velocity equals the ion veloct at the 1. . Clark, 1). 'ira-it, ;.. Sw-is-i , . '1. ht r qti h
Phvs. R-v. Lettors. r,4, i4 (198')).

center of each curve. At 0' the foical cuirve, col l mc1e . . K. Swosin, Pr i isit the 'W, i?-r,'i

wit te nrml oca panedeivd fr sat iniry thl, Applicat ion 'if c i - ill K's, rih inIi
withthenorml fcalplan deive fora q Indost ry (Nucl . lost rom. v,,) 'I . M),, 05.r).

source. Second order focusing occurs at the ceiter of 0 3. 1-K.* Swo'rigiin, (t I be puhi l,'d 1.

-9.55" curve. As the e increases, the curve moves 4. P. Bachmano, A. Kher I iin, aut . Hrirw , 1 . Pliv- .:
!'ici Inst rum. 1), 2()7 (1 4M2)

further from the analyser and becomes mere curved.
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CARACTERISTICS OF A GaAs POLARIZED ELECTRON SOURCE

F.C. Tang,* M. Eminyan, M.S. Lubell,* J. Slevin,t and A. Vasilakis*

Department of Physics. City College of CUNY, New York, NY 10031, USA

Universite Paris 7, 75221 Paris, France
tDepartment of Physics. University of Stirllng, Stirling FK9gLA, Scotland

In conjunction with an experiment treating the spin performance when the source chamber pressure was

lependence in electron-hydrogen scattering we have been

working with a GaAs photoemission polarized electron

source. Like most other sources, our source utilizes a --

<100> crystal 0.325 mm thick that is cleaved outside the

vacuum system to a dimension of 0.5 cm x 1.0 cm and is - .

etched chemically just prior to insertion into its ultra- -"

high vacuum chamber. Following the Bonn method, our -.

etch consists of a 10 minute bath in a solution of 98% - -23C,c" t .i r_..,.
HzS0,, 30% H2 02 and distilled water in a ratio of 8:1:1.

Upon removal from the bath, we place our p-type Zn doped

crystal in a sapphire mount and rapidly insert it in the :

vacuum system. Typically, the etched crystal is under - ." -

vacuum at (5x13 
-  
Torr in less than 30 minutes. 2 4 W "0-'-I W-

Once we have ensured the vacuum integrity of the 2 0"-

electron source we begin a 250
0

C bakeout and maintain it 04i"

for several days during which we continuously outgas all

high-temperature components such as filaments and Cs --

dispensers. With the use of an ion pump and a room- __

temperature Ti sublimator we achieve base pressures of a o- ,

20-40 60 IC 100 120 -40 W0 ISO 200 220

1-2 x I0
-
' Torr after the bakeout has been completed. TIME

Prior to activation with Cs and 0, we heat the GaAs to - FIGURE I Typical Crystal Activation.

600
0
C for several minutes by direct passage of current allowed to rise to 5x10

- 
Torr from its base pressure of

through the wafer itself. Then we apply Cs and 0 2x10
-
" Torr through a regulated reduction of pumping

layers using a Cs dispenser (SAES Getters) and research speed. Finally, and most significantly, we obtained

grade 02 (99.99% purity) controlled by LN, line-cooling satisfactory photoemission even when the base pressure

and a Granville/Phillips variable leak valve. The "yo- in our system started at 3xl0- Torr after pumpdown from

yo" method, in which alternate layers of Cs and 02 are atmosphere. This behavior is illustrated in Fig. 2.

applied sequentially, appears to provide longer Research supported by U.S. NSF, U.K. SERC, and NATO.

lifetimes. 4'

Initially we use a "white" light lamp for

illumination of the crystal, as shown in Fig. 1. As the

photocurrent increases we replace the lamp first with a .

HeNe laser for ease of monitoring and finally with a -

GaAlAs IR laser for polarized electron emission. During _ . _ , _, _ . _ ,
,C IC 205

the course of our work we have observed quantum yields 40

*ranging from I % to 6%, which is consistent with
measurements made by many other groups. r'

The major purpose of our report is to call .

attention to three observations we made which have not

been reported by other groups. First, with low level

cesiation employed during operation, lifetime (e-foldlng %

>>210 h) and stability appear t) be enhanced by having 0,

ra
t
her than Cs as the final layer applied during VO 2 0 40 50 -

activation. Second, with this activation technique and TIME (". .

operation procedure, we obtained satisfactory FIGURE 2 High Pressure Photoenission Behavior.

- - 1.~..-

.........-.-.-. ': 7
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ANTI-COMPTON X-RAY SPECTROMETER

J.F. Chemin, J.N. Scheurer, S. Andriamonje

Institut National de Physique Nucleaire et de Physique des Particules - Cniversite de Bordeaux I
Centre d'Etudes Nucleaires de Bordeaux-Gradignan - Le Haut-Vigneau 33170 GRADIGNAN FRANCE

Several applications require a dispersive analysis the X-ray energy range of the spectrum, due to a -ray . o

of the X-rays energies in presence of gamma rays. The compton interaction or an incomplete charge collection .

analysis of trace elements in radioactive samples is one in D. Such a signal is prevent to proceed through the .'
example. Recently a large attention has been paid to the linear gate of the AOC worsing in the anti-coincidence °...N. %

study of prompt X-rays emitted in nuclear reactions
1
1
2  

mode.

In this situation several -, rays can be emitted simulta- The performances of the spectrometer have been mena- -

neously with the X-rays. The resulting effect of the sured with radioactive -- ray sources Cd, -Na, Co.

. rays on the X-ray spectrum is the production of a con- The spectra in Fig. 2 show the result obtained with a

tinous background which severely limits the sensitivity

of the X-ray detection. This background is mainly pro- 1000

duced by the Compton interaction of the s-rays with the L'K
lect.rons in the active ilume of the detector. We have . '

Jc, i,,pped an antii-compton X-rays spectrometer based on

tb,- f, I owing principles.

A ,Impton interaction in the detector Volume pro- at 10

duce a tree €letron and a photon at an angle , with res-
0ie"t tIc the primary photon. The electrons stopped in the U

detttor volume have a continuous distribution energy. In 0 20 30 40 ENERGY (MeV) . -

X-ray analysis the relevant X-ray energies are rangine Figure 2 "•"--*.

between a tew key to a hundred keV. The kinematic of the "Na source mounted at I cm from the Be window. A 1
0 9

Cd
'.pto .. : ef t indicates that electron energi es in this source deposited on a thin backing was placed at I MM.

iv teiatta to smaii s-alt,ill 1 ug! I :- the pi1,- An aluminium absorber, lt0 i;m thick, was fixed against

More energetic compton electrons may also induce a the Be window. The countin" rate in the I) detector wasi

background in this range if they are not fully stopped cqual to 700 counts s I. The spectrum A was recorded in

within th atie volume of the detector. This well the direct mode. The spectrum B was taken for the same

knwn edge effect is enhanced in the case of -ray inter- tine than the spectrum A in the anti-coincidence node

action. The comparison between the spectra shows directly
Detector Hat Window AI )

the effect oif the system on the background reduction. Thi

flat background induced by the -- ray source is reduced

D2 by a f,-tr of 3 almost independent of the energy . On t it
•

No~ure I ' ",,c'ntr.iry the net intensities of the K and K line s '! A•.

eMitted by the Cd souric are only r edii eci h% Vi-

last number is a direct mCasuremnt .f th1  spt, ifi, 
d  

•. . •3 . l S Ier time br.. ght be the anti--oincidenc. s. sten.

In this experimental situation the, act i- -,: t r

The schematic diagram of the spectrometer is shown ten brought a net improvement of the sicncil t,, i-

in Fig. 1. Four independent detectors participate to the ground ratio equal to 30) -. A m,,re detiId an , inilv.

2
anti-compton effect. DI, a 200 rmm , 5 thick Si(Li) the performances will be given in a tortlh,+ine ''Ii

detector; D2' a 5" x 5" Nal scintillator, whose the front- tion. The main part of the ri-aininc h., fr u, is Ic,

side is located 4 cm from the backside of DI D3 a to multiple compton seatterine, t.ilinv ;c,, it t! .ct - .

Si(Li) annular diode surrounding D, which acts as an rial around the detector. In print iplt in, rtin;, thc,

active guard ring detector responding to the escaping volume of D, will redc e it, hut ccnfcrtun.it lv will -

electrons from D, ; and D4, a thin surface barrier detec- inc rease i .ns id era bl y t lie d.d ti re h t. it ct ,,
tor located 2 cmm from the rear side of DI, which responds situation where a large -ras mccltipl its is i,,. .

to the electrons escaping from the back side of D , A Reference .

coincident signal, given by a fast coincidence circuit, 1. J F. Chemin and al - Nucl. lhs. A 331 (lI" ') 407
I• '.E hyerhof and J.F. Ihimein -Advances in atom:'+ -+-+

between D, and D2 or 13 or D4 means a spurious event in Ph s cs Vm l . 2(/ (1984 1' C+mi -
"•"

3. D.A. Landis, F•. Gouldin,, B•R. Jarret-NlIl'l 115(72.127

......................
. .o •.,. •.o .••. -
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A NEW TECHNIQUE OF MEASURING ANISOTROPY FACTORS BY MEANS OF PERFECTRON

T. Arikawa, A. Fukuroda, and K. Kikuchi

Department of Applied Physics, Faculty of Technology, Tokyo University of
Agriculture and Technology, Koganei-shi. Tokyo 184, JAPAN

A new technique for the photo-fragment spectroscopy scopies, the Jacobian becomes cos a, while in the Perfec-

ith the use of a new crossed-beam apparatus, so-called tron the detection is performed effectively from the beam

Perfectron'
)
, will be presented. Owing to the conformal axis (a=O) as shown in Fig.2, and consequently J=l. From

mapping property aswell as the perfect velocity focusing Eq.(l), therefore, both angular distributions coincide

property
2
)of the Perfectron, we can obtain an anisotropy and are given in the well-known formula as

factor of the photo-fragments without measuring fragment f(Olab) = f(e=) A[l + BP2(cos e)] , (3)

velocity and parent molecular beam velocity distributions where B is the anisotropy factor.

which are essentially required for the determination of

an angular distribution of fragments inconventional photo- DETECTOR FOR B
D

fragment spectroscopies 
3 . This specific feature comes -.

f r o m t h e f a c t t h a t t h e J a c o b i a n [J = d w c m / d w ~l a b ] b e tw e e n y

the laboratory frame and the center-of-mass frame can be

made as unity (J 1) in the Perfectron experiment. 
A BPRI 

MARY B 
"

The velocity vectordiagram is shown in Fig.l, where DET EC R Bll
c is the parent molecular beam velocity, ' is the recoil
velocity vector of the fragment, and v is the resultant D

~ deote thelecric ectr / LINEARLY POLARIZED
laboratory velocity vector. denotes the e lectric vector LASER BEAMLZ

of polarized light, e is anangle between electric vector

and the recoil direction, e6,is the center-of-mass angle, Fi.2: Measuring scheme of Perfectron.

Z ELECTRON SOURCE DTCO

• '- ",";-

S 
BEA 

, AXBIEA

PRIMARY BEAM

Fig.l: Velocity vector diagram of the photo-
dissociation.

LINARLY FOLARIZED
"is th e la b o r a to ry a n g le w i t h r e s p e c t t o t he p a re n t LASER BEAM DETECTOR

beam axis, respectively. Theangular distribution of the Cu i e oc

fragment in the laboratory system is related to that in

the center-of-mass system as given by References;

1 ) T.Ar i k a w a , I n v i t e d P a p e r s o f X I I I I C P E A C , J .E i c h l e r ,
f(a) :J f(Oem) , (I) I.V.Hertel, N.Stolterfoht Eds., North-Holland Pub. Co. .

p239, 1984.
and J is calculated as 2) T.Arikawa, Japan. J. Appl. Phys., 2, 420 (1963). '.

3) G.E.Busch, J.F.Cornelius, R.I.Morse, -.W.Schlosserand
J 1 + 21R cos hlb+ R

2
(l - -sin'2 01 ) (2) K.R.Wilson, Rev. Sci. Instrum., 41, 1066 (1970).

with R = c/u. In the perpendicular detection (Oa=n/2)

as is usually done in conventional photo-fragment spectro-
2. 

.72 
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PRODUCTION OF A FAST BEAM OF HYDROGEN ATOMS IN THE 3s STATE- '

W. Claeys, A. Cornet, V. Lorent and D. Fussen ,'.*.*" .

Universitr Catholique de Louvain, Institut de Physique, Chemin du cyclotron, 2

B 1348 Louvain-la-Neuve, BELGIUM

In an earlier work (1) we have described a method rate is proportional to the 2s beam intensity N(2s) . -

to produce a fast intense beam of H(3p) atoms by laser N = k N(2s)

excitation of metastable hydrogen. The very short life- I - %M s

time of the 3p state (5.4 osec) limits severely the domain With the laser on, the excitation leading to the formation

of applicability of the method. The 3s state has a 30 of 3s atoms, depopulates the metastable beam

times larger lifetime (160 nsec) and is therefore a better N2 - k N(2s)(-) where a is the (2s-3s) excitation

candidate for experimental work. Direct 2s-3s optical efficiency.

transitions are not allowed, but if the atoms are placed We have computed the n-2 and 3 energy levels and

in an alectric field, dipole transitions between Stark Stark states as a function of the static field strengths

states are allowed. and derived thedipole moments; our experimental observed

values are in good agreement. These were obtained from

2s depopulation measurements.

qjj Figure 2 shows the 3s hydrogen beam fraction after

laser excitation for different field strengths at the - -

laser-atom interaction point. The results were obtained

with a 3 keV beam and a laser power of 400 mW, the electric

fielh is obtained between two plates 2mm apart. The abso-

as lute accuracy is estimated 0.02. For low values of field

strengths (F 300 V/cm) the Stark separation between the - " " '
n=3 levels is not sufficient for our spectral resolution. ,,

Fi. ;hz) to allow absolute efficiency measurements. To

We produce H(3s) atoms in a two step process. First H(2s) extend the range of our measurements, we have placed a

atoms are entered adiabatically in an electric field second Lyman a detector 15cm beyond the laser-atom inter- -.

region where they are crossed by an intense frequency action point and observed spontaneous decay light from the . -

adjustable laser light (see figure 1). Laser excitation 3s atoms. This detector has shown that only one n-3 Stark

will induce transitions between Stark states. For a given state contributes to the formation of H(3s) atoms.

field strength, all n-3 Stark states can be selectively

populated by tuning the laser frequency; in particular,

transitions to the Stark state which correlates at zero 0.02 3s 0

field to the 3s state can be selected. Afterwirds, the

excited atoms leave the electric field region and evolve

adiabatically towards non perturbed atomic states.

The initial metastable hydrogen beam is obtained

by charge exchange of protons on a gaseous Cs target.

The excitation light is produced in a singlemole ring

dye laser. In order, for such an hydrogen beam, to be of

practical use in the field of collision physics, one has " ...

to assess the fraction of excited atoms in the neutral

beam. This is obtained in determining the excitation

efficiency absolutely by measuring the relative change in

metastable content of the beam due to laser excitation. I I

This is done at a location distant enough from the laser 500 1000

atom interaction point for all n-3 atoms to have decayed F(V/cm)

radiatively. Lyman a light is detected from the induced Fig. 2

emission of 2s atoms passed in a strong electric field. Reference (1)

In the absence of laser excitation,N I the Lyman a count A. Cornet t al., J. Phys. BAt. Mol. Phys. 17, 2643

.. . . . . . . . . . . . .. . . . .. . . . . . . . . . -.- - . ., • - , .... . .. : : .':
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ELECTRONIC, IONIC AND ATOMIC DENSITIES AND TE4PERATURES ~.
IN H- MULTIPOLE SOURCES aT.

M. P. S. Nightingale, A. J. T. Holmes and T. S. Green

UKAEA, Culham Laboratory, Abingdon, Oxon. OX14 3DB, England

Spectroscopic, probe and beam measurements have V...%.
been used to investigate the underlying physics of H ~
production in volume isultipole sources for possible *

fusion applications. Measured electronic, ionic and

atomic populations and energies will be reported and

discussed in terms of the dominant collision processes.
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DIFFERENTIAL CROSS-SEC ION FOR SINGLE AND DOUBLE CAPTURE
IN Ne +-He COLLISIONS

P. Roncin +, H. Laurent*, J. Pommier +, D. Hitz++, S. Dousson- .
and M. Barat +

++CENG, Agrippa-CEA-CNRS, 85X, F 38041 GRENOBLE Cedex
+LCAM, BAt. 351, Universit6 Paris-Sud, F 91405 ORSAY Cedex
*IPN, BAt. 100, Universitd Paris-Sud, F 91405 ORSAY Cedex

A parallel plate electrostatic analyzer, associated

with a two-dimentional position sensitive detector has .8- ..

been built allowing a .- duZtarneo,.g determination of the

energy gain and of the scattering angle 1 . This device

was used to study, by "translational spectroscopy" the .6-

various electron-capture processes as a function of the

collision energy. Experiments were performed using an ECR .5-

ion source available at the AGRIPPA facilities in Grenoble. .A A'

.4,AAs an exam.ple, we p-esent here results obtained for U ------0

electron ca.ture in Ne7+-He collisions. Figure 1 shows .3 %
that the spectra are dominated (peak I) by one electron .2 %

capture into the Ne6+ (n=4) + He+ channel as already been A -obevdb eea uhr23.1 A. 1~-I
observed by several authors2'3. However two weaker peaks .

show up that were attributed3 to two electron capture into a s .3 -.2 -.1 0 .1 .2 .3 .4
autoionizing states (DCA : Fig.2. Relative probability for processes 1,11 and A
peak II Ne5+(n=3, n*=4) + He++

peak III Ne5+(n=4, n'=4) + He+ particular , it is seen that the DAC processes are charac-

terized by a much larger scattering angle. Data obtained
It is readily seen that the angular behavious is very at E=7.5 keV is similar and perfectly scale in the T=E"

different for the 3 processes. Fig. 2 shows the relative redreed coordi.tos.

probability at a collision energy of E=10.5 keV. In A scheme of the potentiel curves is shown in the

11 insert of fig. 2. The present angular behaviour strongly

suggests that double capture processes occur via a two . .,

step mechanism (one electron is captured at the A crossing ,-. . -

the second electron at the B or B' crossing). This is at

variance with a mechanism involving a simultaneous capfure

(via electron correlation) at the C or C' crossing. Actu-

ally the large scattering angle is associated with the
path along the repulsive AC and AC' curve on the way in.

IT -Furthermore one see that inner the crossing (C or C'),

larger the scattering angle.

_
,

__. _ r"-eReferences
______________ -i. P. Roncin, H. Laurent and M. Barat, Submitted to J.___

* _______________Phys. E (1985)
- _-_ -- 2. H. Tawara t a., Phys. Rev. 29, 1529 (1984)

' - - - - _ ---- . . . 3. C. Schmeissner, C.L. Cocke, R. Mann and W. Meyerhof,
S.... --". . -------- - Phys. Rev. 30 1661 (1984)
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,--Fig. I. Energy gain spectra at E=10.5 keV. 2 ''.'' .'
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FORMATION OF LOW LYING AUTOIONIZATION STATES IN Li-, C and C- PROJECTILE
IONS STUDIED BY ZERO-DEGREE ELECTRON SPECTROSCOPY

R. Bruch,* D. Schneider,+ and N. Stolterfoht,++ USA

*Department of Physics, University of Nevada Reno, Reno, NV. 89557 USA .'
+Department of Physics, University of Toledo, Toledo, OH 43606 USA ,'--,-

++Hahn-Meitner-lnstitut fOr Kernforschung Berlin, D-1O0 Berlin 39, West Germany

Low lying resonances and bound states in H-, He-, 2.

Li, Be, B ard C may be formed by electron capture

and excitation in ion-atom and ion-foil collision

processes. Such negative ions are of fundamental im-

portance in fusion research and reflect strong

electron-electron correlation effects, which require -.

accurate many-body theoretical calculations.
1

This contribution is concerned with high resolu- ~p 0 1 2
tion electron spectroscopy of low energy electrons / V CI-EPERGY [eV]

(12 eV) following the decay of low-lying autoionizirg -. -

states formed in gas (He, CH4, Ne, Ar) or C-foil

collisions with Li- and C-ions (100-500 keV). Ir this

study the zero-degree Auger spectroscopy method
2 

has

been used for the following reasons: (i) High energy
14 23 26 32 38 i--"

resolution of the order of 0
- 

is maintained due to LAB-ENERGY [eV]

drastic reduction of kinematic line broadening effects. Fig. I Lithium autoionization spectrum f r

(ii) Transformation from the laboratory to the source 300 keV Li
+ 

incident on a 5 ,g/cm"
carbon foil.

particle frame allows to accurately measure and identi-

fy autoionization transitions with energies even %

below one eV. Electrons ejected fr-m the interaction

region are analyzed by a tandem-tyge electrostatic

electron spectrometer. Fig. 1 and 2 display char-

acteristic electron spectra from foil and gas excited ,

Li and C ions. The inserted spectra indicate discrete .

peaks in the vicinity of the high energy cusp tails

after background subtraction and transformation into 1 23456
: CM,- ENERGY [eV]

the center of mass system. In the Li spectrum three C /EERY[ I

sharp lines occur below 1 eV which most likely stem .

from autoionizing transitions involving Li (1s2s2p)
l,

3
pO and (ls

2
2p

2
) D and lS initial states. We also

note that the structures betweer one and two eV may I ".
arise from doubly excited states in Li such as 20 30 40 50'. "

ls
2
n,,n

' : ' 
with n and n'>3. Principally also high LAB-ENERGY [eV.

Rydberg states associated with doubly excited levels Fig. 2 Carbcr * onizati. spectrum for

in Li
+ 
(nn;'), Li (Isn;n'..') and triply excited

Li (n;.n''n"'") states may contribute to the observed References . . . .

spectrum.
3  1. D. R. Beck and C. A. Nicolaides, Int. J. Quantum"

A similar tentative interpretation is assumed for Chem. S18, 467 (1984) __ _

2. A. Itoh et al., Phys. ay. A31, 684 (1985) -
the carbon autoionization structures. A very intense

2 2 3 M. ~dbr, P.Bruch arid P. Bisgaurd, J. Phys. B12,
line centered at 0.25 eV may result from C s 22s

2  3. M. Rdbro, R.

n n ' .'(n ,n ' .2 ) o r C ls 2 2 s 2 2 pn ;n ' '(n ,n ':2 ) in it ia l 

.-.
1.

configurations.
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IONIZATION-EXCITATION AND DOUBLE EXCITATION OF HELIUM

BY H'
, 
C
4+
, C

3+ 
AND C

+ 
AT HIGH VELOCITIES

R. Bruch*, E. Tr~bert
+
, S. FUlling*, P. H. Heckmann

+ 
and B. Raith

+Institut fOr Experimentalphysik III, Ruhr Universit8t Bochum, 4630 Bochum, West Germany
*Department of Physics, University of Nevada, Reno, Reno, NV. 89557, USA

At sufficiently high velocities the dominant

mechanism for multiple excitation and ionization of 1,,Iv4 -H

atoms by highly charged ions is closely related to _.

the photoionization process. On the other hand at ,

intermediate velocities multiple ionization-excitation

may be described in terms of the independent electron
approximation.2 Due to electron-electron correlation

during the collision this independent electron model .

may break down for specific collision systems. There-

fore we have investigated ionization-excitation and

double excitation of helium by 1 to 6 MeV H
+
, C

+
, C

3+  
-

and C
4+ 

impact on He. The basic experimental arrange-

ment is similar to that used in our previous work on

electron capture.
3 

High resolution EUV spectra from

the recoiling target ions are analyzed at right angles 2 A

with an intensity calibrated 2.2 m grazing incidence V I M

monochromator. A detailed spectroscopic line identi-

fication reveals new information on multiple processes Fig. 1. EUV spectrum corresponding to He+ np - Is

such as ionization-excitation and double excitation (n<4) transitions observed with a 2.2
grazing incidence spectrometer.

of the target, A typical spectrum showing the Hell

(np - Is) series for 1 MeV H
+ 

on He is plotted in Fig.

1. It is interestin 9 to note that mainly the first . , . -

three np(n , 4) states in Hell are formed by H+ impact.
4++ o-e Hnu

In comparison the C + He data clearly indicate that

also higher Rydberg levels up to n = '2 are efficient- -2 -
ly populated. Some relative cross sections for 2-5 ODU

4+
MeV C - He are given in Fig. 2. He have also in- .

vestigated the production of doubly excited (n.,n' 3_ ____"V

- states. In particular due to strong collision induced ( -3

electric fields the formation of exotic new He**

levels has been observed for the first time.
4  Mor- I o 0A20 Dow

over we have studied the role of projectile onizatior- , "

excitation. A striking result is that for C e + He

the observed EUV spectrum is completely dominated by

transitions associated with C2+(ls
2
2;n,') states.

Fig. 2. Relative cross sections for ionization-
excitation of helium by 2-5 MeV C

4+ 
- He

impact.
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AN EFFECTIVE OPERATOR FOR DIELECTRONIC RECOMBINATION

Peter Winkler

Department of Physics, University of Nevada, Reno, Nevada 89557 USA .

Viewing the dielectronic recombination as an in- 'MW

verse photoionization process of an atom or molecule W

in a Rydberg state, a unified many-body theory of -,-,, .-

radiative and dielectronic recombination has been pro- p. -Fig. (a) - -

posed which includes a treatment of the competing auto-

ionization decay channel on the same footing. I h h

Propagator methods have become quite a standard

tool in the study of photoelectron spectra.2,3 Their p .

use in connection with electron scattering resonances

has been proposed and discussed in a previous publi- k

cation. 4 Autoionizing states may be interpreted as .

resonances in the scattering cross section of electrons

off positive ions. The cross section for the elemen-

tary recombination process is proportional to the p , t '

square of the T matrii element connecting the initial

state (ion + free electron) with the final state h p h,-. -:4
(Rydberg atom or molecule). The following representa- TFig (b)

tion of the T matrix elenent is useful
3  '-;.a

3 ,3 2 * z r,r' ] k r ) ,. /. . .Tpk fdrf ()+d rd r d rlfp(r)[ l _."-"-.

with the first term on the right describing radiative

and the second dielectronic recombination. The term

in square bracket is the effective dipole operator

containing the response of the decaying system. A

particular diagrammatic representation of this term

is given in Fig. (b). The functions fm are the self

consistent solutions of Dyson's non-relativistic

amplitude equation References

12 3 1. P. Winkler, to appear in Int. Jour. Quant. Chem.

{(Em(E)-[ -T+U]Jfm(r_)dr'(rr;)fm(r') 0 2. L. S. Cederbaum and W. Domcke, Adv. Chem. Phys. 36,
with U being an appropriately chosen one-electron 205 (1977).
potential and the self-energy operator. A particu- 3. B. Schneider, Phys. Rev, A7, 557 (1973); and

2222 (1973) (E). "
lar diagrammatic representation of the self-energy 4. P. Winkler, Z. f. Physik A291, 199 (1979); Phys.

is depicted in Fig. (a). The diagram of Fig. (b) is Rev. A23, 1787 (1981).

obtained by replacing the last interaction matrix

element by an elementary dipole matrix element. All
essential many-body effects are contained in the

* matrix hP. The simplest decaying intermediate states

are of the 2 particle I hole type. It is well known

from other approaches (e.g. hyperspherical coordi-

nates) that such states are best described by the .

introduction of collective coordinates. The cor-

responding tool in propagator theory is the summation

of certain diagrams in infinite order. It is shown

that several such summations are required in the

present case in order to assure the correct conver-

gence of various resonance series.

, . . .o .. . . . . . .
.. .. .. . -. . .o . . . . .
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H+

No ION PRODUCTION IN A MICROWAVE DISCHARGE

M.J. Hogan and P.P. Ong

Physics Department, National Universtiy of Singapore, Kent Ridge, Singapore 0511

In recent years microwave discharges have often 105 -

been used as sources for gaseous ions. Such sources . -

have a number of attractive features of which an 4

important one is simplicity of construction. We 4

describe here the use of a microwave discharge for the a 0

production of non-gaseous ions, specifically Na
+
. 7 10 3

The ion source which was used is shown in Figure

1. It consists of a quartz tube closed at one end with 
2
. • -.-

a molybdenum disk. The ions produced exit through a

cluster of seven 0.67 mm diameter holes in the disk. o 10"

The quartz tube is surrounded by a foreshortened 1/4 
1

.2
wave coaxial microwave cavity operating at 2.45 GHz.

Na ions were produced by all three substances 100

0 20 40 60
studied; i.e. sodium iodide in argon, sodium in argon

and pure sodium vapor. The ions were sampled through INCIDENT POWER (W)

FIGURE 2 Na
+ 

ion current for Na in Ar
a 0.8 mm diameter exit orifice at the far end of a (7 0 b. a0 a

drift tube. The relative and absolute numbers of the 
0--. 

-. m

* sampled ions were measured with a quadrupole mass Higherlevels of incident power also greatly increased

spectrometer. By pumping through a bypass valve the the rate of Na
+ 

ion production. Figure 2 shows a logar-

drift tube pressure was kept low enough to ensure that ithmic plot of the number of sampled Na
+ 

ions as a

* the ions had a very low possibility of collision before function of incident power for three different argon

being detected, pressures in the case of Na in Ar. For the point at

Temperature was a critical parameter in the produc- 0.016 mbar and 60 W, a total current measuring approxi-

tion of Na
+ 

ions since the vapor pressure of sodium mately 51AA was recorded by an electrometer to be flowing

increases very rapidly with temperature. Elevated into the drift tube. Similar graphs were obtained for

temperatures were achieved by reducing the cooling air Nal in Ar, but with somewhat lower ion number counts 1.

flow on the quartz tube and/or increasing the microwave both in absolute and relative terms.

power. After a Na in Ar discharge had been running for some

In the cases of Nal in Ar and Na in Ar, the rate time at 60 W, it was possible to cut off the argon supply

of production of Na
+ 

ions was strongly dependent on the and still maintain a discharge in the sodium vapor alone.

2 5
argon pressure with larger numbers at lower pressures. The sampled rate was in excess of 2 x 10 ions/sec and a

The amount of Na+ ions also increased relative to the mass spectrum showed the ions produced to be more than

total ion production as the pressure decreased. 95% Na
+ 

ions. However, such a discharge was only stable

for long periods of time when the sodium had been newly

MICROWAVE 0 placed into the quartz tube. After the source had been

CAVITY > running for many hours, a pure sodium discharge could not

l be maintained presumably due to depletion of the sodium *... .

MOLYBDENUM in the tube. More details of the operating conditions -.DIJSK ... ° ...

will be presented.

ARCON 4 *1
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VELOCITY DISTRIBUTIONS OF NE AND AR IN THEIR PAREUNT GASES

P. P. Ong and M. J. Hogan

Physics Department, National University of Singapore, Kent Ridge, Singapore 0511

Although knowledge of velocity distributions of ions

drifting in gases under the influence of an electric . (a)

field is necessary for unfolding cross sections from data, \ .S

on ion-neutral reaction rates, there has been to date few /J

such measurements made. We report here the velocity F/ 60T

distributions of Ne+ and Ar
+ 

ions drifting in their C / .

respective parent gases. Data was obtained for neon from i /

60 to 220 Td and for argon from 80 to 320 Td. I

A drift tube mass spectrometer was used for this > E -

work. Ions were produced in a microwave discharge and Z / V VX ..-

then passed into a drift tube where a uniform electric E

field and collisions with the buffer gas caused them to J23. '
C 12 3

attain a non-Maxwellian velocity distribution. The ions -1

VELOCITY (KM-SEC
were sampled through a small exit orifice which led to a

specially disigned ion optics system containing a (b)

retarding potential grid. Ions surviving the applied

retarding potential were analyzed by a quadrupole mass

spectrometer of wide acceptance angle and detected by -- F/ 30 TD ' ' "

single particle counting technique. The output was

recorded on a multichannel analyzer which was triggered

by a pulse that coincided with the start of a ramp %

voltage applied to the grid. The resulting data was

smoothed by Fourier analysis and differentiated

numerically to yield the velocity distribution.

The ions detected were those which had a predominant
0 1 2 3

z-direction component; the angle which their path made

with the central axis being no more than 140. The VELOCITY (KM-SEC
-

distribution curve measured was consequently that of the t,6

z-component of velocity of ions moving nearly parallel to FIGURE 1 Velocity distributions of (a) Ne+ in Ne and

the electric field. Under this experimental condition the (b) Ar in Ar. Solid line is experimental curve and

measured distributions can be interpreted as the speed broken line the equivalent Maxwellian. VEXP and V are

distributions of ions moving exactly and nearly parallel the rms experimental and Wannier velocities respectivelv.

to the direction of the electric field with an Lrrur of

less than 3%.

Figure I shows representative results. Presented are near z-direction contain the majority of the hich

a Ne+ in Ne curve at a relatively low ratio of electric velocity ions whereas the annier expression is for the

field to neutral number density (E/N) and an Ar
+ 

in Ar entire ion population.

curve at a relatively high ratio. Features common to all These results provide values with which theoretical .. -

curves are peaks that are shorter and broader than the calculations can be compared if the corresponding . -

corresponding Maxwellian speed distribution with the same velocity distributions are calculated.

rms velocity, together with enhanced high velocity tails. R
REFERE-NCES

As E/N is increased for a given gas, the experimental I. .i. Hogan, P. 1' Ong, and K. L. Tan. Sing. J. Phys. " " " -.

peak is shifted by ever larger amounts to the low i, 7 ((9) '-.'-% =

velocity side of the Maxwellicn peak. The curves also 2. G. H. Vannier, Bell Svst. T*'ch. J. 32, 170 (19-)3)

become increasingly asymmetric. 3. :. J. Hogan and P. P1. ne., Int. J. .ass Speetrr. Ion

The measured rms velocity was found to be always Processes (1983) in press

greater than the rms velocity calculated from kannier's
equation.2 This is expected since the ions moving in the

%-* .
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LAITICE SOLUTION OF THE TWO- AND THREE-PARTICLE SCHRDINGER EQUATION

Michael V.Ivanov

Institute of Precambrian Geology and Geochronology USSR Academy of Sciences, Leningrad 199164 USSR f,.'
The variables in the SchrUdinger equation for Y= 0 and O F<O.25 a.u. are in a good ag-

for majority of the non-relativistic quantum reement with the results. 2 Some results of .--

systems are not separable. In this case for these calculations are shown in the figure.

the numerical calculations the decomposition _160 Re(E-)
of the wave function Y into basis functions is

usually used. The choice of the basis has the

essential influence to the precision and must 0.150- F=O
fulfil all over again for every new problem. F 0oo0-
Such choice is connected generally with the ra-

ther complicated analytical calculations and 0.l, .

not always is successful. For the two- and

* threeparticle systems as the alternative to the

wave function decomposition the lattice methods 0.430.

and, in particular, the finite-difference-me-

thod may be proposed. 0.4 0.2 0.5 . 0.5

The accuracy of the calculations with the

finite-difference-method is less depended on

the such arbitrary acts as the choice of basis 0.40."

and this accuracy can be sufficiently increased Re (E,)(1') for the 2s state of H atom

by means of the standard ways of the computing when F = 0 and the corresponding dependences

mathematics: the use of high orders of the ap- for F # 0. (F in a.u., E I = X/2 - E).

proximation of derivatives, Richardson's extra-
.',- ~~Nowdays for the three-particle systems -'''%

polation, the non-uniform lattices. Besides,

he volume of the analvtic3l calculations Ie- the calculation of the He atom ground state

creases censiderably. energy for the screened (that is multiplied by

The systematic development of these consi- exp(-6r)) interparticle interactions potential

derations permitted tO make the computer pros- for 0( 2•I has been made. The length of vec-
d-tors rI to r2 the computhr p-o-g

ram for the calculation of the energy eigenva- and r2 and the angle between them 9
lues of the stationary and quazistationary were taken as coordinates. For S= 0 the error

eigenstates of systems, which are described (iE) of the solution of the equation for f=
with two- or three-dimensional Schrldinger equa- rlr 2r is rI02 a.u. for the maximal lattice

* tion. 10*10*10.

The most part of the problems solved by REFERENCES

now applies to the hydrogen atom in cylindrical-

symmetric external fields (the equation in cy-

linder coordinates). For a hydrogen atom in 2 Phys.B 17, 29 (1984).

M.Hehenberger, H.V.Mclntosh, E.Br3ndas,S-magnetic field B when O< ,,< I
4 (B = xB O , B 60' -. '-

m cB(V Phys.Rev. A 10, 1494 (1974).

2.35'10 Gs) the relative error of the ionisa-

" tion energy computation for the ground and lo-

wer excited states is about 10 for the maxi-

mal lattice 30*3n(3 min. on the 0.7 Mlegaflop

computer). This accuracy is little less than

accuracy in the best calculations. I The calcu-

lations were made also for a hydrogen atom in

a magnetic fielo when the electron-proton inte-

raction potential is -e
2
exp(-Sr)/r and for a

hydrogen atom in the electric F and magnetic

" fields (71j B). The escape of electrons for

F # 0 was taken into account with complex boun-

dary condition of deverging wave. The results

- .. . .,

. " - " " '~ . "-. * --- *-' *" -' -- ' -. ." ' . ". " . .. . - . . . . .. ..' " -- -. . .. ' . F" .-.. 2 ' '
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DIRECT MEASUREMENT OF THE VELOCITY DEPENDENCE OF
ASSOCIATIVE IONIZATION CROSS SECTION IN Na(3p) + Na(3p) COLLISIONS

M-X Wang, M.S. DeVries, J. Keller, J. Weiner

Department of Chemistry, University of Maryland, College Park, Maryland 20742, USA

The velocity dependence of associative ionization 010 0.15 0.20 0.25 E (ev)

cross section for collisions between Na(3p) atoms is 10

determined in a crossed-beam experiment using a ' 8

Doppler shift velocity selection technique.

Na(3p) + NaC3p) * Na2+ + e 8-

Previously reported Al cross sections exhibit a -6
rather small value (about 10-16 cm2 ) and the disparity

between those results suggest that the Al probability 0

may strongly correlate with collision velocity.
1-3  6 L

The present study has directly measured this correla-
tion in the collision energy range 0.08 eV - 0.29 eV. 4 4A

We achieve highly resolved velocity selection through W..

laser excitation of narrow velocity groups in the w 4

Doppler profile of two crossed Na beams. The inherent 0

advantages of this technique, which was developed by o"
Pritchard et al. for cell experiments,

4 
are signifi- 2

cantly enhanced in the present crossed-beam experiment 2-
due to a much wider range of high-resolution velocity .

selection. Since both collision partners are opti-

cally excited and hence, velocity selected, the colli- - -.--- "

sion velocity resolution is also greatly improved. o i _ 0
Two collimated atomic-beam sources (angular 1.2 1.6 2.0 V I0 ms-)

divergence less than 35 milliradian) are oriented at

90" with a cw ring dye laser bisecting the angle bet-
ween the sodium beams. The cw laser (bandwidth I

MHz) is tuned to 3s 
2
Sl1 2(F=2) 4 3p 

2
P3 12 (F=3) tran-

sition. A UV laser (X=351 nm), collinear with and

counterpropagating to the dye laser, probes the
excited atomic state population by selective pho- Figure 1: Al cross section vs. collision velocity

toionization out of the 3p level. The atomic density (lower abscissa) and energy (upper abscissa).

in the interaction region is 5.2xlO
IO 

cm
-3

, and the Dashed line is fit using Miller's theory

velocity distribution fits a Mach 6 free jet expan- (following 'Xg state of Na(
2
P+

2
p)

7
). Right

sion.
5  

We detect the ion signal Na2+, Na+ using a oridinate is the estimated absolute cross

particle multiplier, coupled with TOF mass analysis. section.

By measuring the ratio of Na2+ to Na+ signal as a

function of dye laser frequency, we obtain the Al References
cross section as a function of collision velocity. 1. J. Huennekens and A. Gallagher, Phys. Rev. A 28,

Figure I shows the Al cross section dependence on 1276(1983). _am

collision energy. A calculated cross section using 2. R. 8onanno, J. Boulmer and J. Weiner, Phys. Rev. A

the semi-classical treatment of Miller 6 fits the 28, 604(1983).

measured curve in the energy range 0.19 eV - 0.29 eV. 3. V.S. Kushawaha and J.J. Leventhal, Phys. Rev. A
The calculation indicates that the X'g + 

state of 25, 346(1982).

Na(
2
P + 

2
p)

7 
is a dominant contributor to Al in the 4. W.D. Phillips and D.E. Pritchard, Phys. Rev. Lett.

fitted energy region; but since it cannot account for 33, 1254(1974).

the low energy part (below 0.19 eV), at least another 5. R. Campargue, Ph.D. thesis (Cocumentation V "--

potential surface of Na(
2
P + 

2
p) must be involved. An Frangaine, Paris, 1970).

attractive potential of Na(
2
P + 

2
p) crossing the 6. W.H. Miller, J. Chem. Phys. e, itio3(l91uj.

ground state of Na2
+ 

at collision energy 0.08 eV 7. R. Montagnani, P. Riani, J. Salvetti, Jihem. hy s.
could be a possible candidate. Lett. 102, b71(1983).

• 9
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2.3-PH0T 0:; IO:1;IZATION OF Ca ATOM WITH TAKING IN' O ACCOUNT THE ELECTRON CORRELATIONS
I- J *

-I.'Haysak,+ V.I.Lengyel,* D.:i.Petrina,* I.M',.Shuba,* O.I.Zatsarinny*

+sInstitute for 1.uclear Research, Ukrainian Academy of Sciences, USSR .'

*'Jzht-orod State University, Uzhgorod, USSR

The analysis of the experimental data on enccs whitch are mltiple to the ground fre -
barium Enid strontium atoms ionization showsj, quences of the ruby and neodyme lasers (in a.
t~iat tis :roc~ss '-as a rn~sonanco character u.). For the calculation of polarizabylities

*and th-at it Is quit,? erobablc that the at- both liscrete and continuous spectrum wias ta-

nizin7 states :,!Z;) of' nte 5 play an cssenti2l ken into account. As it is seen Irom teblel

role bi-ro . The rol' of AIz; in multinhoton pro- the d7,namic rolarizabylity for small CL)
*c-nnes Wis not b-,-n studied yet. It is quite reaches quite large values, which results in

clear that the existnnce of the AIS can result ,n nnerry sh2-ft e qual 10-19*0 cm- at the ox-

-n 3.:1 allitiona. resonunce structure of leni- ternal field value V) v/cm. The experiments

*zation crosa-rctl4on. on measurinp the cross-sections and shifts

: no differential cross-section of the *,*.ill be eaEgerly avaited.

* ~two-photon ionization of an atom by linearly ~ frne

polarized field of non-resonant frequency ,
hen or 3 ~ 1. 1;.Bi.Delone, I.I.Bondar, V.V..-uran, fl.A.Zon,

d-) 2.9 1r2r~s D.Feldmaan, .i.J.,rantwald and C.H.Welge,

iwherg is the fine-structure constant, X. J.lPhys.B,15, 529 (1)32).
3. Ai. 1.Bebb, rhys. Rev. , 149 , 25 (1966).sthe comp~osite matrix element of second or-

ier. .th the taking into account AIS the f s.IiaakVI.egeD..etia
ut~e i te mtri eemet K na a or 4'5  I-.S.huba, O...Zatsarinny, Nonlinear po-

,:tae 4: Viematrx elmentKficeases in two-electron atoms, 1U1oscow (1984),

E-E r r 5 y y . V.V.Balashov, S.I.Grishanova, V.S.Senashen-
ko, Opt.Spectr., 28, 0159 (1970).

*is a resonance width. 6. P.Scott, A-.7.Kingston, A.Ilibbert, J.Phys.B,
* , ~~have carr~ed out the calculation of a ~ 34 1~)

,n"-,hotor, .nl tv,,o-photon ionization of Ca. *

eto , .th th, use of liat-onailization method L4 .dbr (to~lcm *s
m):f'cation of .'alasho,. et.al? The Ca atom dE

and AIS wave functions ver, obtained by confi- 1. -

;rrt lon %nteraction method in the ionic fro-

*z-'n-zore (of 3'a double ion) approxination with 0.6
Stakins- into account the core polarization.

r'zjal-s of the calculation of one- 0. 2
.jtjn .u~~Za~or,%.c. nave carried out, are in 0712EeV

a.-ree1 wnz .ith these, obtained in the
Fig. 1

rf_-. 1 thc total cross-section of two- 2~ 1 1 11
* ~ ~ m~tn icnization of '.a atom as a function of 4~S 3~ ss S4~

2n~ryA a-n he energ-y rotteon correspon- 0 163 5.54+7 4395 47
r, t) t',I loAbie and triple frequences of

nI:.-.n r~~yne1u~'r i cooen.Asitis 1.17 191 -1.41+3 -3017 8.93+3

2 o M. 3 diS(=.1e)rsls 2.34 418 -439 87 -178

in-i u'rn" t 1 r,soe of the cross-sec- 3.51 -351 -174 -256 329

-IAl.; 1d5d1D (-. =.15 ev) results in
-ul b- nri o rer. 3.56 -312 -169 -241 415 VJ

: .,I tar;1'r hay, 7hov.ni the polarizaby- Table 1
ty o!' s5 1 - -I of Ca1 atom for the frpqu-
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APPLICATION Or INDEPENDENT UNITED ATOM MODEL TO INELASTIC .CATTZ.RING OF LE:TROW2 BY - /iJ OGEN J..:
MOLECULE

N . S.Rao

Physical Research Laboratory* Theoretical Physics Area. Navrangpura. Ahemdabad 380 009, INDIA

An independent united atom model 1 XUAM } the helium aton4 the square bracket term in the ,, $%
is applied to study inelastic scattering of the . above equation is called as diffraction term, q

electrons by hydrogen molecule at intermediate is momentum transfer to the target during the

and high incident energyregions. The collision collision process an' 2r being the equilibrium

cross sections are calculated at E -400 eV. No internuclear distance. In the present work I(He)
other data are available for the comparision of is derived to tudy I (H2 ) problem through the --

present results. Basically XUAM is found to be above equation.

better approximation than the earlier independ- By comparing the 3AM results and present

ent atom model ( IAM ) to stuJy the molecular results, I conclude that the IAM2 , 3 is not good
probleas. for the study of inelastic scattering of electr-

Independent united atom model ( IUAM ) , ons, positrons by molecules. The present collis-
recently proposed by Khare and Jhanwar is appl- ion cross sections will be presented at the time

ied in this present paper to study e - H2 inel- of conference,
2

astic scattering. Earlier to this, IAM has be- '4h author N. $o R is thankful to the Phys-

en employed recently to study scattering of ele ical Research Labor'tory, Ahaudabad, Iniia for mL.-
ctrons and positrons by hydrogen molecule. In 'the award of a Post-Doctoral Fellowship. Iam

view of some discrepencies in the fourmalation also grateful to Prof. HS. Desai ( H. S, Uni )
of IAM, Khare and Jhanwar proposed this IUAM Baroda, tfor his nice guidance throught the.-.--.-.-

to study molecular problems. This new method is present work.
more general and reliable than the IAM. The ad-

vantages of IUAM are i) this model is valid for

elastic as well as inelastic scattering process. References

ii) especially for inelastic scattering the col- 1. S. P. Khare and B, L. Jhanwar, XIII th

lision cross sections are more reliable than the I.2.P.E.A.C. abstracts, 225 ( 1983 ) ,
3

IA13 results. Motivated to the importance of the 2. H. S. W, Massey et al Electronic and the

- collision cross sections 
4, I have applied IUAM onic Collision Phenomena 2 Oxford ( 1969 ) -*

in the present paper to study inelastic scatte- I o-m-1

ring of electrons by hydrogen molecule. Inorder 3. K. N. Joshipura and H. S. Desai Ind, J. of
Pure and Apply. Phys. 2, 236 ( 1984 )-

to conform the present cross sections , I have

converted the GES ( Glauber eikonal series ) 5 4. M. Massey, * Atomic and Molecular Physics "
London, ( 1979 ).

results for the present purpose to compare my

results. The present results are expected to be 5. S. A*. Singh and A. N. Tripathi. Phys. Rev, A
3 21, 105. ( 1980

better than the earlier IAM results "
6. A. C. Yates. Phys. Rev. A.U 1550 ( 1979 ).

In the present paper the direct scattering

amplitude for inelastic scattering of electrons 7, A, Yates. :hem. rhys. Lett 25, 480 ( 1974 ).

by helium atom are derived analytically through
6,7Born and Glauber approximations 7 Using the

IUAM and the present direct scattering amplitude

the differential scattering cross sections (DCS)

are studied at E_.400 eV. The scattering ampli-

tude in JUAN can be written as

I (H2) 0.5 X I (He) +1 ( .2.r)]

Where I (He) is the scattering amplitude for

. . . .. ,..........."

*.o .. . . . . . .. . .

... .. .. ... .. .. ... .. .. ... .. .. .... .. .. . .. .. . .. .. . .. .. . .. .. .
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SL,.r.ON ION (He+) CA=TAING Af INrr.4MEDIATE AND HIGH INCIjENT ELECrAON ENERGY AEGIONS (-00 eV)

N. S, Rao %

Phy.,i :al A. .. ich Laboratory, Theoretical Physics Area, Navrangpura, Ahendabad 380 009, INDIA.

2 +
In the present work, I study elastic scatt- Table - 1. TCS in units of a for i He ela-

ering of electrons by helium positive ion (He+)  stic scattering at incident energy S 1000 eV,
using Born approximation, The collision cross .nidntenrg Pesn

sections are calculated at incident energy ES e er reselt .-."-' ~E ev results "","--

1000 eV, No other d4ata are available for the e"_.__-__ _

comparision of precent results. The present 100 3,497

results ace expected to be reasonable and the 200 2.042

present method is computationally simpler than 300 1.476

the earlier approximations used to study the 400 1.168

electron - ion scattering problems. 500 0.973

Genprally, the electron ion scattering 600 0.835
processes have important applications Ir astro- 700 0.736

physics and plasma physics, theoretical invest- 800 0.658

igations of these collision processes are of 900 0.596

practical interest, Apart from this con.iderable 1000 0.545

theoretical interest is attached to the study %

of electron impact with a one - electron ion From the Tab+el it is noted that the He.

such as He
+ as this should reveal the influence T results rnearer to the TC results of He

of lonult rang noulomb inercto one the reffecs 5fHof long range Coulomb interaction on the effec, scattering5 at 8 S 300 eV and very much smaller
tiveness of the different approximations. In 5

than these results at Z 1 4 00 eV. The DCS res-
recent past few theoretical models are applied + for He will be presented at the time of

to study electron - ion problems, out of these conference. Comments on this work are open for
models Close Coupling ( Cc ) model wasfod to

be more accurate than the other models .  But

this CC model is computationally more tedious The author NS.R is thankful to Prof, V, B,
and requires a good amount of computer time, Sheorey, for introducing me to the field of

Especially, at intermediate and high incident electron - Ion scattering p1 .,blems. I am also

energies all models willlgenerate identical thankful to P.R.L for the award of PDF. -.

results and one can use plane wave approxima- References

tion instead of other complicated approximat- 1 1,C* Chidichimo et al JPhy,8 5 3333 (1982)

ions In view of this and motivated to the "Sh Oe l yR'319

importance of the present study I study &.He+ 2, S, D. Ohe a h, ae The theory3: N. F. Mott and H. S. W Massey 0 The theory

elastic scattering at EI000 eV through the

Born approximation 
4. The advantages of the pre- of atomic Collisions 0 ( Oxford 1965

sent Born approximations are mentioned earlier! 4. A.C, Yates Phys, Rev, A 19, 2550 C 1979 )
5. NS.Rao and H.S.Desai Ind, J. of. Pure and

Throught the work atomic units are uSed.The Apply. Phys, 21 159 C 1983 )-
*basic scattering amplitudes in the Born approx-

imation are given earlier *-Here I will consid-

er He+ as hydrogen atom like with the nuclear
charge Z . 2, the intial and final state target

wav-functions of He are assumed to be similar

to the H - atom wavefunctions, assuming the

plane waves for both incident and scattered el-

ectrons, I have obtained the second Born ampl-

itude4 in the closed form for H - eC elastic

scattering. The total collision cross sections

T'_ ) are calculated through the Optical
5

theorem 5t 8 S 1000 eV. These results are shown

in table - 1.

......................................

. ...% . ° ° _
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GAPHYOR AN ATOMIC AND MOLECULAR DATA CENTRE AT ORSAY

Konstantinos KATSONIS, Jean-Loup DELCROIX, William ASSAL and Claudette L,'PRINCE. '0 -

Centre de bonndes GAPHYOF, laboratoire de Physique des Plasmas,
CNRS and UniversitE Paris-Sud, 91405 Orsay CEDEX, FRANCE.

An atomic and molecular data centre has been es- closely related to AMDIS and EXFOR systems, previously

tablished at the Orsay campus of the Paris-Sud Universi- developed in Nagoya and Vienna correspondingly. Special "o

ty, France. Activities at this centre named GAPHYOR (Gaz effort is paid to establish a system compatible with the

PHYsique ORsay) were initially oriented towards collec- aforementioned ones allowing straightforward exchange of z
tion and handling of bibliographic data. These data are data. In so doing the periodicals, processes, quantum

collected from the published papers, books, or reports states, units etc, dictionaries used in the system fol-

by a team of fifteen scientists collaborating with this low standards currently used in the field.

project. The arrangement of the data allows the user to Another characteristic of the system is its close

obtain more information than the one provided by stan- connection with the existing wider bibliographic data

dard bibliographic patterns. The identification and sor- base. In fact, the bibliographic part and the retrieval

ting of data is based on a simple code for writing mole- of the data sets are based on the GAPHYOR software

cules and collision processes or chemical reactions ins- International collaboration in data assessment and

tead ,f using keywords. Molecules including up to eight exchange is also part of the CAPHYOR data centre activi-

atoms of no more than four different elements can be co- ties. In this context a proposal has been made to CODATA

ded. by indicating the chemical formula, the constitu- for standardisation and unification of atomic and mole-

tin elements, and the excitation and ionization stage. cular data currently used in various applications. The

The sorting of the data file is based on the Mendeleev choise of evaluated data is initially oriented towards

fimilies order and on "second-level" descriptors arran- two well-known data sets obtained

vd in five standard "first-level" categories I. as a result of the IAEA C.ordinatedResearch Program-

a) Properties of atoms and molecules, me on "Atomic collision data for diagnostics of ma-

h) Photon collisions. gnetic fusin plasma-"run essentially from )Q81 to

c) Electron collisions. 1984 . The bulk of these data was recommended for - '

d) "Heavy particles" (i.e. atoms, molecules and fusion applications by the IFRC subcommittee for *" , '

their ions) collisions, atomic and molecular data for fusion.

e) macroscopic properties. 2. during the recent workshop on "atomic data for fusion

A handy interactive system called SYGAL (SYstem CAphyor and astrophysics" held in March 1985 at the Dares-

Language) developed for the user's convenience allows on- bury Laboratory, UK 4. This set of data consists

line retrievals worldwide through the existing data trans- essentially of recommended data for electron impact

* mission networks in "natural" physicochemical language excitation of atoms and ions. -

dithout using the internal code of GAPHYOR. Work in data evaluation is also ca-ried out on charge ex-

Activities at ORSAY were recently enlarged to in- change collisions parametrisation in collaboration with

dlude collection, evaluation and dissemination of nume- the University of Belgrade, Youg.slavia (Dr R. Janev).

rical data pertinent t, atomic processs encountered in Also, promotion of .!.,trophysical applications of atomic

common (e.g. astrphvsical, therm.,nuT Ilar. arc and la- data was recontly developed through collaboration wizli

su-) plasmas. In the dev.'lopment 1 numerical data files the Meudon Astroph.sical Laboratory.

Imr'l.-I is given t unique set- ,,f "rc ,mmended" data. References

Ispec i Ilv fo r ,p; 11,at i,,ns (- g. model lig, d.i agnostics I. K. Katsonis, Comp. Phys. lommun. 33, 115 (198").

i ths iit m.. .. '....i.t than t il,,s in, lud ing all 2. J.L. Delcroix, in"Cascous Electronics"vvl.2, ed.M.'.. .a.
ti, av ,i I. .i, ... re,'vr. the ant ic ipated us . 'f Hirsh (Academic Press, 1983), also Report 1c;/18"

(Plasma Physics laiboraitory, orsa~' 1982).
uih tile dete.rmine~s not .,nlv the ,utput rm to h se- 3. K. Katsonis and A. Lorenz eds, Reports INDC(NDS)-I3h,

Ilcted ((omputer readable files, printed tablvs, graphs) -150,-160 (IAEA, 'ienna 1982, 1983, 198"'). '"

but ii s, its a.t, rn.l structure. Th, general lines fol- 4. K.M. Aggarwal, K.A. berrington, W. Lissner, 'r.cce-

w,)wvd in implementing "reormoendcd" data files are des- dingyof Workshop on Atomic Data for Fusion and Astro-
phyics, Daresbury Laboratory Report, in press.

.bed c i s whc re 
I

The computer system used for the storage (and pos-

sibly the exchange) and retrieval of numerical data is

-...... ....... ....... ....... .......

• ~....... ... •........ .... . . . . .
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DATABASE ON ELECTRON IMPACT IONIZATION

M.A. Lennon, K.L. Bell, H.B. Gilbody, J.G. Hughes,
A.E. Kingston and F.J. Smith

School of Physics and Mathematical Sciences

The Queens University of Belfast
N. Ireland

The database on electron impact ionisation of

light atoms and ions developed at Queens University,

Belfast and reported earlier has been extended to

include recommended cross sections and rates for

electron impact ionization of all ions from Fluorine

to Nickel. Recommended cross sections are based

on an assessment of all available data to date and

used to evaluate recommended maxwellian rate

coefficients over a wide range of temperatures.

The database is implemented on a Vax 11/780 computer

and allows rapid retrieval of the data in both

graphical and tabular form.

The work which is supported by Culham Laboratory

(Euratom/UKAEA Association) will be reported in full

in a UKAEA report to be published shortly. Requests

for data or for on-line access to the database may

be made in writing to Dr. M.A. Lennon, Department -. -""

of Computer Science, Queens University of Belfast.
I-. . • 

Reference

1. Atomic and Molecular Data for Fusion, Part 1.
Recommended Cross Sections and Rates for Electron

Ionisation of Light Atoms and Ions.
K.L. Bell, H.B. Gilbody, J.G. Hughes, A.E. Kingston
and F.J. Smith. UKAEA Report, CLM-216.

%0
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X-a Incoherent Scattering Factors for N. as
Determined by High Energy Electron Impact Spectroscopy*

S. N. Ketkar and R. A. Bonham

Department of Chemistry, Indiana University

Bloomington, Indiana 47405 -i -- ,

Electron impact spectra for N2 have been obtained Use was made of the Bethe sum rule, S(O,K) = N,

in the angular range 0.3* to 2.0* using 25 keV elec- where N is the number of target electrons, to place the ,

trons. Intensities were measured with a resolution of COS on an absolute scale. The energy moments S(n,K) .,.J

1 1 eV in a preset time mode, in the energy loss range for n = -1, -2, -3 agree, in the optical limit, with

0 to 80 volts and 400 to 480 volts. In the range 80 previously reported values. The S(-I,K) moment is %

to 200 volts and 480 to 800 volts intensities were used to determine the x-ray incoherent scattering

measured at 8 points in a preset count mode with a factor. Our experimentally determined x-ray incoherent
inting statistics of 3%. The measured intensities scattering factors are compared with the results of a

were converted into, df(! E), the generalized oscil- Hartree-Fock calculation and a recent CI calculation.

lator strength (GOS) distribution at each scattering Experiments are in progress to measure the abso-

angle and the energy moments of the GOS distribution lute, small angle, elastic cross section for 25 keV
S~,)= En df -"' "

S(n.K) Ef dE for n = 0, -1, -2, -3 were ob- electrons scattering from helium.

tained. In order to obtain the moments, a matched *Work supported by NSF Grant No. CHE 83-09934

Coulomb tail for a hydrogenic atom was used to simu- 1. G. D. Zeiss, W. J. Meeth, J. C. F. MacDonald and

late intensities not measured experimentally (i.e. D. J. Dawson, Can. J. Phys. 55, 2080 (1977).

for energy loss > 200 V for the valence shell and for 2. J. Epstein and R. F. Stewart, J. Chem. Phys. 66,

energy loss > 800 V for the K-shell). 4057 (1977). .- ' %

3. M. Breitenstein, H. Meyer and A. Schweig, Z.
Naturforsch, A 39a, 120* (1984).

%

2...........i.

S-..... .......-.... ...... ......
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Energy and Angular Distributions of Secondary Electrons
Produced by the Electron Impact Ionization of Helium and Molecular Nitrogen*

R. R. Goruganthu, W. G. Wilson and R. A. Bonham

Chemistry Department, Indiana University, Bloomington, IN 47405

The energy and angular distributions of secondary the total photon yields were used to place measurements

electrons produced in the electron impact ionization of at different ejection angles on the same relative scale.

helium and molecular nitrogen have been made experi- The relative measurements are then made absolute by , . -

mentally using a pulsed electron beam time-of-flight normalizing the elastic intensity at one angle to avail-

spectrometer. The measurements are made at ejection able absolute cross sections for the same angle. We

angles between 30 and 150 degrees. The primary elec- also observed the autoionization lines in N2 below 2.5 --

tron energies are 200 and 500 eV in the case of helium eV. The agreement in the peak positions between our "

and 200,500, 1000 and 2000 eV in the case of N2. In data and the literature values served as a check on our

these experiments the photon emission from the excited energy scale. The angular distributions of the auto-

neutral or ionic species is also detected along with ionization lines in helium were also investigated.

the scattered electrons. Because the angular distribu- *Work supported by NSF Grant No. CHE 8309934

tion of fluorescent photons is expected to be isotropic

I A

.. I. 
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RESONANCES il TI1I3 IUTrRACTIOII OF1' LCTIIOiJS '/ITH SODIUM. ATOIS

I.I.Cherlenyak V.I.Lendyel, F.F.Papp, B.I.Romanjuk, E...Sabad, O.B.Shpenik

and U.I.Yatsarinny

Uzhgorod State University, Uzhgorod 294000 U:bR - .

Institute for Nuclear Researches of Ukrainian SSR Academy of Sciences,
Uzngorod 294000 USSR "

In experiments on studying of the energy cone member of diffusion series. On absciss A
dependences uf differential cross-sections of axis the electron energy is shown while on the

e+Na and e+K-scattering the structure in the orainate axis the cross-section for the exci--

vicinity of the first excited state has been tation in relative units is given.

revealed The close coupling calculations

show the existance of resonances in energy re- 3 6 -

gien in question. It was pointed out 2 that on- -
ly8 autodetachment state (ADS) of N1a ion

can be formea wnich can manifest itself in a "

form of resonance in upticul excitation func- - "
tions (EF) of n- atoms.

in present paper ve analise in details

the possibility of formation of nDS of na ion
using the coniguration interaction method and

study resonances ana threshola features on op- '"
ticai excitation functiona of na atom. The con- 2.0 2. 2 3 L, 4 4, eV.

ab C
figuration interaction method has been employ-

ed anu numerical n-rtree-Focic functions were Fig.1 a/ SP ofA5889/95R,
.... ner IeV Clsi used as a basic ones b/ EF of A3302/03R, c/ EP of A5688R lines

Fetr EnergylIeV) 01IossificationJ. . ''1 2.,0 ure with taking into ac- Resonance line EF reveals an almost line- . .

0 '3p I count tne core pola- ar increas of croon-section near threshold"" ~2 2.99 IS s
z  

I 4""'""

.'" 3.19 'S4ses risation. Wnile sol- interrupted at 2,2eV, after that the curve ,.*..'.-

W4$5 * s ving the eigenvalue slope changes and the series of shoulders una
3 3.56 b 3ds problem we have ic- irregularities are observes in 3,0-3,3ev ena357, b 3d "'""' '-

I3.58 b3d~d luded into h-milto- 3,5-3,8eV energy region, correspondingly. '1P

172 bl" nian a single-elect- of the seconu member of principal series ae-
v0 'SS$9 ron polarisation of monstrates a Bharper increase near the thre- .
4.0 '55,'
4.09 3PSsSp both electrons am shola and reveals better expresses features
=t1 b d 2

S .25 bds well as aielectronic in 4,1-4,5ev energy region. From figure one1&.25 'O i, 5 " - - "4.27 bdi25 polarisation poten- can see that the position of features on cur-
6 4.34 SP10s tial. The resulting ves coinsises in general ;ith tho calculutea

" . s iS spectrum is gi- energies of jijuL.

yen in table. Optical lB' uemonstrate that the rate of

Electron beam in 6he experiment was uout growth of cross-section near threshold increus-
Iu- A, while electron energy spread did not es -s the principal quantum number increases. "i'
eAceed 0,04eV. The accuracy of calibration uf Leor some curves the threshola - first maxinru;- .
the energy scale was +0,02eV. interval aes not exceeus the electron begun

we h.ve analysed the optical EF of the energy sprees. This behaviour of iF confirmr.

lo.-est members of principal, sharp and aiffu- the resonance character of spectral lines e;:-
sion series in a near-thresholo energy region. citation.

;e have presented on figure 1 the i.F of the I. LI.Eyb, 11.Iofman, J.i'hys.B. 1975, 8,iUo7,1J35

first tv.o members of the principal and the se- 2. a.Pung, J..atete,ihys.itev.A. V972,5,loi,12

... . . ...... .. .. .. .. .. . . .
"-. ........
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RESONANCES IN THE DIFFERENTIAL CROSS-SECTIONS FOR e + Li - SCATTERING

I.I. Cherlenyak, S.M. Kazakov
+ 

O.V. Kristoforov
+ 

V.I. Lengyel: E.A. Masalovich, and E.P. Sabad*-

•Uzhgorod State University, Uzhgorod, USSR
**Chuvash State University, Cheboksari, USSR

Uzhgorod Department of Institute for Nuclear -. - -Researches, Ukrainian Academy of Sciences, Uzhgorod, USSR

The study of scattering of slow electrons As it is seen from Fig.1 the agreement

on Li atoms was carried out in a number of of the theoretical calculation with the expe- ..

workAs. The calculations
3 

of 1P and 1D phase- riment is quite satisfactory. The additional

shifts of the elastic scattering has revealed maxima in the measured cross-section at energy

two closed-channel resonances under first 2p- 3.7 eV can be, probably, explained by influ-

e::citation threshold (Z=1.85 eV) and one 3p ence of 1D(E=3.74 eV) and 1S(E=3.75 eV) ADS .
shape-resonance at the incident electron ener- which were not taken into account in the pre-

gy 0.1 eV. However, there is no information sent calculations.
about resonances in cross-sections above the

2p-level though the calculations
4 

have revealed References

the existence of the IS(E=3.15 eV) and 
3
S(E= 1. B. Jadusliver, A. Tino, and B. Bederson,

3.35 eV) autodetachment states (ADS) of Li- - Phys. Rev. A 24, 1249 (1981).

ion under the 3s-threshold, and four ADS under 2. D. Leep and A. Gallagher, Phys. Rev. A 10, -. - -.

the 3p-threshold. It should be noted that no 1082 (1974).

data concerning the widths of these ADS have 3. P.G. Burke and J.A. Taylor, J. Phys. B 2,

been published yet. 859 (1969).

Therefore it is of certain interest the 4. A.C. Fng and J.J. Matese, Phys. Rev. A ,

study of the influence of ADS on e + Li - 22 (1972).

scattering cross-sections and the calculations 5. C.D. Lin, J. Phys. B 16, 723 (1993).

of the widths of ADS as well at energies above 6. M.I. Haysak, V.I. Lengyel, V.T, Navrotsky

2p-threshold. In this work we report the re- and E.P. Babad,.Ukrainian Phys. J. (USSR),

sults of experimental study and theoretical 21, 1617 (1982).

calculations of differential cross-pections at

* 900 angle in energy region 2.25 - 4.25 eV. In

experiment the electronic beam crossed the cell
filled with the vapour of Li and electrons

scattered at right angles were detected by the

energy analyser. Differential pumping of elec- I," I-

tronic gun and the energy analYser was used.

The energy spread of electrons did not exceed

0.3 eV. The calculations were carried out by

use of modified Feshbach6 method proposed by

Balashov. This method makes it possible to take 01

into account quite accurately the interelectron

correlations at short distances. For the posi-
tions and widths of ADS we have obtained the

following values; 1S(E=3.O9 eV,r =0.08 eV), Fg,1"3p(E=3.28 eV,r =O.1;! eV), 3S(E=3.35 eV,r =0.07

eV). Energy dependence of the differential " -7

cross-sections for elastic scattering (a) and

excitation of the 2p-state (b) is shown in

Fig.1 (-o--O-- experiment,- - theoretical

calculation,-- - - the theoretical cross-

section averaged over Gaussian distribution

with spread equal to 0.3 eV).

j_-1
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THE RESONANT STATES OF He- ON Tl-i.E REVXl 1IACL

O.S. Erkovich, V.V. Kimnaro\, A.MN. Poijo,ox A.E. Rottatvxc-ky, ~(.S- i o

In.l:titutc ot Nuclear Ph sicS,, Nlo-cox S _taito Inivir,tty, ;Nb-onj 111W10i, 1 rSR

In the Ipre-,ent paper, the eneraime of fbi- It,- 2. (15.Erkoviet V. N iir A,XI. P,,c.

* iot, re-on~int -Uto ec- re 01n1lyzed. The -ne-role- tit, - A\ WSR -i)1, of)i-Ci7

the resonanrt -tte-,~ are cailculatedc in the c--i 18)

* nherOwn- I) H'. ion is placedc in) valctum ,nci ( 2) A5. N.D. W~. lk"1h.'~\-.vl,.A\.

lie in tiaC nea-r kmetal -uric, p. 1 217f 123 1 172)

Th ~riin for fhr, He- ion cliii kje ire- ::

xi-ve 17. is the! kinetic ene:ruv operator,---

b- ape ,rttor of lht- potential enier'Ly the- i-(I

.ctrori in the field of the cx -particle; jC-r

t Iew oper,ilor of the Colom0b intelrlcfj on behx -ll

0-i-tI. trid j-fh eletctrons; ~/(~) i- ni ti th.

nticie in the -econd c,-e this ope-rator (t--

cbe- the inter,tction betlxien the j-th e~lectron .CIh.

cloo-n to be al I he form Cfeve lored ( th"

* O'potentbii). The enterL% of the HI-b ion- re-

on,,nc,, ctt-,,-Irlculited byv the- propo-d i~ I

The fttl enc-r~y of the res"onance h-xe f in the

litillic uri Ace. field cAn be calcuL.i- in lerm- ol

ti( perturba tiont the-ory I,3

The, enorlaies of the ( 1 .2-) ,(L -) ,
2, 4

-2-pP, (l-2p t ll-ar l-o c-'itt4-i-

I.-c TI 0 totel elerry 01 the ii-oliiinf -fte, (or b

p,-e,ntedc by the ixpre__sion

E E=E'.A
%%her,- E i- the ene rqy of in -t. lr-a r. -o-

r
nance -it,/i the- di_-4anci- hitw it iift,- v -

-p1)Article and tie rueful eurfrici-; (Z I- aCi-~i

%%h-icti di-cribe- fie( Ciei T- fl
-t,int %%hich bny e int-rri-j fromllq tti -alt- o

HeIti ion iiih c cppi i. Th, i, 'tIciil tiol, I ' v i - Ii. id

* th' tollanina ri't-: Er L" I. 151 213 ') j1

- 2.2-I , ind C ')i.8f3(77; 1.83731; 1_1121; 1.I 1it

* .. it. for the, ( L- ), I -- 2), 1

ReferenceipcclviIV

1. A.D Langl, W.to~ Kon Ph..,.., i.p I I..< _-8.
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(if:AR(iE-'FRA\Nl'ER IN ION-ATiIN COLLISIONS AS THE THREE-BODY PROBLEM

A..R. .A-iurux , (,.V. Avakov,, L.D. tBtokiiintsev, A.ftt.Mukhanriedzhanov

li-thut o1 Nuclear Phvsi(,-- Moscow State University, Moscow 119899, USSR

TI- i. t-trun-tran-1ter process in ion-atom 10-
(t I, lhe three- body problem.

PTi pro!),rtpprori cih i bised o~n the thr i -tiartic-

000rj~i(1 F ailci\ quation.s A~hich was fQ
*r',0 l uo 1 14-d fuor Ih(- litnitidl cluI,- of charlie-

* -f,,-lr-reton, *Our kp~pro,tch ruiikos- use of

ft ,,,rcxiiit. trml ,t for the -utim,atiun ov r 1
p,tm, te iamber I ond iii Of the bound electron i

it., interrmedialte ,nd final Atfes. Tie set of the ~K
o-ai qu1atl ur - tor- the chars_1e-t ranster 5 catter- I

1) "Iiplt(d i obtained whore fl is

the impact parameter and t denotes the mainb

(Iu1Arttuni number of the, transferred el~ctron in the 1

fil-
t 

-tat,-. The arreattucte- Mft (P) satisfy the

tko -r),irtic to unitarity conditions. The ioni zation * S

channel1 is- not considered. The total cross secti- 10.
oris of the electron pick-up by folly stripped ions-

with 7 . 1-6 from atomic hydro!2en are calculated. 4,

The flrinkman-Kr amers amplitude is- chosen as the IL

eltective potential in the Sloan equations for the

ions theo Coulomb interaction between the one- a W 10

-electron ion and the proton is effectively taken %I

* into ccount y usin the Coulomb wave functionE(Vmu *..

of rproton-ion s cattering in place of the plane wave.

The ca.lculajted charg-e-transfer cross sectionsa References

are s howii by solid lines ti Fiv. 1 for the re-ctions 1. L.H. Sloan, Phys. Rev., 165, 1587 (1968).

it ft *( 1 -) --I H . H+ ( a) a ind Ha'4 4 H ( 1- - 2. J. Chaudhuri, A.S. Gho,N 114C. Sit., Phys.Rpv., ..

__ -ie+ H+ (b). Dots, corresioid to the experi- A7 154(17)

itiiulal du,il of various lroups. At high inergaie 3. H. RyafukU, T. Watanabe, Phyzm.Rev.,A18, 2005

thet theoretical cross sections exceed the expert- (1978). bt__

iriertal o"es which may be' do'? to neoittctinU tileBox

- . ioaiation if~ine l contribution. The da-hed liri, in

FiL,. Ib corresponds to the- unitarizirl distorted %wave(

approxiniation (I DWsA
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ELECTRON IMPACT UXCITATION O Cj? ZE ATV._:.
FROM METASTADLE STATL. ".

I.S.Aleksakhin, I.P.Zapesochny+, TA.Sneeurslaya*, I.I.Shafranjo-h

* Uzhgorod State University, Uzhgorod, 294000 USSR
+ Institute for Nuclear Researches of Ukrainian SSR Academy of ;ciencec, !1zhgorod, 294000 U'13R

Results of excitation process studies for cuprum the Eround state. One can suppose from these experimen- %
atomic spectral lines arising from metastable states tal data that excitation of lines arisin from metasta-%.

are presented. Experiments were performed by crossed

electron and atomic beams metbod . Metastable atomic
Cu beam ws formed with help of a device, consistine. of
effusion cuprum atom source, a converter of atoms from

ground into metastable state, a system of collimating

slits and a separating condenser. Metastable atoms con- "
centration in the beam was measured by the spectral li-

ne self-absorbtion magnitude and made up(.13)-10
9 

cm-
3
.

An electron beam was formed by a five-electrode system.

Electron current density in the beam was about e

(143) *10 -  
A/cm

2 
at enerF spread less than 1 eV (for

90',' of electrons). The emission was registered in syn-

i chronic detection mode.

We have measured in our experiments the excitation 0 5 10 E,eV 15

functions of 4s2 2D5/2 - 4p 
2
F7/2 (296,1 mm) and c zt 2

42 2, Exiato fucton of0, t - 4P 2
F f- (296.1 m,4s - 4p m(10,6nm) spectral lines (ESL), L512 i/ofnins f7/2(,-.s5/2 3/2 .2 2 spectral line arising from metastable (curve i) and

*arising from the metastable 4 D52,/ sacs.

In order to analyse the results we have compared roud (curve 2) states, respectively.

EFSL arising from metastable states with EFSL arising

from the ground state of the same spectral line (see ble states most probably takes place through some inter-

figure). mediate state. We have assumed that negative ion excited .-

One can see from the figure that EFSL arising from state can play the role of such an intermediate state.

metastable states expose a resonance appearing near the Reference

excitation threshold.

The resonance width is here comparable with the 1. Z.Wa..apaHbom, i.'..Ane.caXin, Z..l.Zjanecom-

energy spread of electron beam. Nevertheless near-thre- HbIv, 1Imcbma B '. T L9, 271 /1974/

shold features are not displayed on EFSL arising from

,' .. ..-

"%.

n%

..-......... .-.... . ...-... ..........
, - '.:..-?....'-..'....-.- -.-.. ". ..-. V...".-.. .,--. .-.. "... '. '.''" 'i -~ -.V ' .' ' . .i . . ." " : :--
• • , .. . . . .', -. . . .".""" -+ •. . • •.. . . " . . • '• -'." ,"• - ."



W152 697

OBSERVATION OF RADIATIVE TRANSITIONS BE'NEI7 AIUTOIONIZING STATES

OF LITHIUM ATOMS EICCITED BY ELECTRON BEAM -

I.S.Aleksakhin , C.G.Bogachev*, I.P.Zapesochnyi, E.N.Postoi*, S.Yu. Ugin"

Uzhtorod State University, Ushgorod 294000 USSR
Institute for Nuclear Researches of Ukrainian SSR Academy of Sciences, Uzhgorod 294000 USSR

In hollow cathode experiments for lithium atom , as is presented in the figure (curve 4). One can see that "S ,**
2.

well as in beam-foil experiments in the 180-300 nm re-

gion there appeared lines attribut-d by the authors to , 1
the transitions between quartet autoionizing states. f -5.

However we can Eet an unarmbir-aous identification of such . I 2,.. "
tic electrons with atoms. For this special purpose we

have studied spectra i. 120-360 n, refion excited bycl Icol-
lisions of lithium utoms with electron beam of regulated

energy. z

The apparatus with intersecting electron and atomic I "

beams for carryinr out the experiment was described in - .-- _'

details earlier . A diffraction grating replica coated

by an alminium film and ,74F2 film was applied in vacuum 
2.0 E..

monochromator based on optical Seya-Namioka scheme. Excitation function of Li atom spectral lines:
solar-blind photomultiplier with window served 12 po),SM9'2 wnoseed1 - LiI 247.5 rim (2s2S - 6pp) . ... '

to detect the radiation. 2pP 3S),2 - Lill 165.3 nm (2p3P 8S,, - -[.i'-''

Due to the careful measurement and analysis of spec- 3 - LiI**20.75 nm (2P2P - Is2p
2 

2P) (Ref. 4),

tra excited at different electron energ values we were -"
4 - LiI 293.4 mm (our experiment),

able to receive the following results. Except the lines 5 - LII 57.41 eV (electron spectrum line, corres-

of principal series Lii 2s - np (n=3411) and LiII lines ponding to the ls2s2p4PO) (Ref. 6).
a series of less intensive lines is presented in spectra

which cannot be identified with the help of well-known its form differs greatly from typical excitation functi-

spectroscopic tables. Nevertheless one can give suffici- on form of ordinary lines of LiI (curve 1) and of LiII

ently definite identification for six of them, namely: (curve 2). On the other hand the curve we have obtained

193.1, 198.5, 204.0, 217.3, 233.7 and 293.4 am. in general behaves analogcally to the excitation f2I-

Energy excitation values for the first five lines tions of quartet
6 

(curve 5) and doublet optically for-

defined in our experiment make up 63+1.0 eV, whereas for bidden5 '6 
(curve 3) autoionizing states. This fact as

293.4 nm line it is 61.5+0.5 eV. As far as it is much well as the mentioned above coincidence of line wave-

higher than ionization potential of the atom, but is less lengths confirm our statement.

than excitation thresholds of LiII lines, apparently, we

must conclude that the initial levels of given lines may References

belong only to the system of autoionizing states of Li
4 1. G.Hertberg, H.R.!4oore, Can. J. Phys. 31 1293 (1959)

atom . Since energy interval values corresponding to 1 GHer vir, H.RdoreCn , Phys, S 7, 175 (198)

these lines do not exceed 6 eV the lower levels of these 2. Slannervik, HCederquist, Phys. 5cr. , 175 (1983)3. H.C.hneKcaxim, r.P.Eoratten, 14.r.3anecoqH , .' -- -
lines are also autoionizing (the energy of the lowest

among the known autoionizing states 1s22 S4 is 65.35 eV). Z.K.Yrpwn, E3T' SI, 2187 II98/,S* 4. HoO.AneKcaxIM, AeA.BoposxK, nucbma n 7'T 3,

Therefore, we come to a conclusion that the observed li- e'a "
1183 /1977/

nee are the result of combinations in the system of auto-

ionizing states of Li atom. One can note that the wave- S cB.e
"  

o..Baxoe 1lneCIZ a o,

lengths of series of these lines coincide with those of ."A-o.-.° O.aoa
.several line observed in Ref. 1 and 2. : :7', 1981, c. 159

6. V.Pejcev, K.J.Ross, D.Rassi, J. Phys. B: Atom.
We have succeeded in measuring the effective excita- Molec. Phys. 10, .579 (1977)

tion cross-section for the most intensive line of this

kind (293.4 an). It's maximum value obtained .s
Sx101- 3 ) 

cm
2  

The 293. tim line excitation function

-. L; . ' . . S'-. * .'S.* . . . . . . . .
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iNF1.UENCL OF COU.LIUN K.z~UCTION UF A.TUHJLL .U .-iS UIF K6NihNL~
"V.S UN COUN4T RATE LFFh.CT Uk k-tkeOHTIONAL OOUUNTERS

T.Z. Kowalski, K.W. Ustrowsxi, J. Zajqc

Institute of kPhysics and ouclear Techniques, Jniversity of Mining and -

Metallurgy, 30-059 KraK6w, Al. ilicKiewicza 30, Poland

When an electron, in the electron avalanche vp - the most probably velocity of atoms, '

in proportional counter moves through the mix- to - mean life-time /resonance or metastable .4

tures of gases and vapours, its energy is states,

essentially lost by elastic and inelastic col- - mean free path of atoms.

lisions with the atoms, and/or molecules of Assuming that every collision between an ex-

the mixtures. The interaction of electron with cited atom of main 6as, and an atom of admixture

medium gives atoms or molecules excited or gas leads to deexcitation, the life-time of both

ionized, resonance and netastable states in mixture can

So the avalanche contains: ions, excited be calculated.

atoms and molecules, electrons, neutral atoms if the product c-n /c - concentration of

and molecules. The ions can be excited or not, admixture/ is smaller than 1, this value may be

mostly sinb.e charged. Excited atoms are in treated as tne probability of collision of the

several levels, excited atom with the atom of admixture. If the

?or the mixtures at very low pressure one product c n is higher than 1, it means that du-

can neglect the atomic collisions due to the riii6 the life-time t-0 each excited atom should

thermal agitation, so the radiatively deexci- collide with an atom of admixture. This leads

tation is limited only by the natural life- to the decrease of mean life-time of the exci-

time of the excited state. In the gas under ted states in relation t1 - t0/C.n.

sufficient pressure the excited atoms take The calculation of the reduced life-time t

part in the binary and ternary collisions for metastable levels is a simple procedure.

leading to reduction of their natural life- the valise of tm is near 10-js. The calculation

time. kor theory of the growth of electron of t1 for resonance levels is more complicated.

avalanche in proportional counter, the excita- Though the radiative life-time of the resonance

tion of main gas to resonance levels, or to levels is of a few nanoseconds it is strongly

metastable levels, is very important. The reabsorbed and reemitted /radiation reten- .e

struck of excited atoms with the molecules, tion/, leading to an increase in the duration

or atoms of quench gas can produce additional of these excited states, that may last a few

electrons when the energies of the excited ps. The value of tr 2 .0 s was taxen for

states are higher than the ionization poten- the calculation of tI for resonance levels. The

tial of the admixture, obtainable reduced life-time for both metasta-
Am + 1 - A + e- /1//renning effect/ ble and resonance states is compariable to the .. .

rise time of the pulse generated in counter

---s A+ 6 e 12/ The increase of concentration o admixture up_-

/nonmetastable Penning effect/, to 1.5% leads to tne decrease of the mean life-

" Am, A atom of main gas excited to metasta- time of metastable levels only. ior the concen-

ole or resonance level, B - atom or molecula tration c = 1.5i, for tr-2' 10 -s, the product

of quench gas. c-n is equal one, so the nigher concentrations * ..

These processes /l/ and /2/ are quick cause the decrease of averae life-time of both

events, occuring in time period less than 10 resonance and metastanleaevels. ir°is leads to

second, and can be immediately included in e- the shorterixA6 ol the pulse rise time wnici, in

lectron avalanche multiplication. its turn, decreases the cout rate effect.

% The mean life-time of resonance state The influence o1 concentration of quench %

t and tnat of metastable state is vapour on count rate efiect nrs ue,,n investi-

tn s. During the mean life-time the exci- gated. A very rapid decrease of pulse n(ignt

ted atoms may collide with other atoms ,,n" shift was lound for the concentration of ad-

times -1 mixture c1-I. frie ootained results are in .'-

n v mp 0 very good agreement with the explanation.

o ~~~p.. %-,, .

.......................................... * . . . . . . .
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p. ONE ELECTRON CAPTURE INTO EXCITED STATES AND EXCITATION OF TARGETS BETWEEN .%..
+ -. .*

He OR Ar* IONS AND He OR Ar ATOMS COLLISIONS IN THE ENERGY RANGE
OF 70-150 Key

Pan Guang Yan, Lei Ziming, and Liu Jie Rui

Institute of Physics, Chinese Academy of Sciences
P.O. Box 603, Beijing, China

An experimental study of capture of an electron Reference

into excited states and excitation of target atoms bet-

ween He+ or Ar+ and He or Ar collisions has been done 1. F. T. de Heer, Experimental Studies of Excitation-

by means of optical methods, In the energy range of in Collisions Between Atomic and Tonic Systems,

70-15 Key.Advances in Atomic and Molecular Physics, Vol.
70-50 eV.2. (1966). Edited by D. 1. Sates et a.

The main processes studied aret 2. L. Wolterbeek Muller and F. J. de Hlear, Electron
Capture into Excited States by Helium Ions
Incident on Noble Gases. Physics 48, 345-396,

He+ + Ar +He *(n,l) + Ar+*(n,1) 1970.

Ar+ + He . Ar+*(n,l) + jHe*(nl) 3. Pa Guang Yan et al., Electron Capture into
Excited States in Collisions Between Multiply

Charged tons and Atoms. Phys. Scripts 73. 120.,..
From the measured emission cross sections, the excita- 1983.

tion cross sections for capture into singlet and trip-

* let He I levels with principal quantum numbers n from 3

to 5 has been estimated. The excitation cross sections

of the target atom has been estimated also. The com-

* parison of the results of our experiment and other

experiments shows satisfactory agreement.

e- *
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ELECTRON BEAM' ATTENUATION AND ABSORPTION THROUGH MATTER USING
MONTE CARLO CALCULATIONS

A. Antolak* and W. Williamson, Jr.+

*Theoretical Division 8341, Sandia National Laboratories, Livermore, CA 94550 USA

+ Dept. of Physics and Astronomy, The University of Toledo, Toledo, OH 43606 USA

Monte Carlo calculations have been Derformed with i . .

the electron-photon transport code SANDYL to predict 4

electron scattering and the associated electron energy

dsributions.'1 Several domain configurations with

various materials, incident electron energies and i...

angles of incidence were studied and the results com-

pared with available experimental data. In general

e find about ten percent variation between the

theoretical predictions and experiments at the higher _

incident electron energies but somewhat greater dis-

agreement as the energy is decreased. Based upon these

comparisons several possible improvements of the

theoretical data base for the code are suggested.

Reference

1. H. M. Colbert, "SANDYL: A Computer Program for
Calculating Combined Photon-Electron Transport in
Complex Systems", SAND 74-0012, Sandia National

Laboratories, Livermore, CA.

'z• 4: n." % Odin..............................-.. : .

.... ,..,...

.,- -.- ',- •
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THE DISSOCIATION OF IONS AND ION CLUSTERS BY MULTIPLE COLLISIONS a- .

WITH A NEUTRAL BUFFER GAS .%

F. L. Eisele

Electromagnetics Laboratory, GTRI, Georgia Institute of Technology, Atlanta, GA 30332 USA

The collisionatly induced dissociation of abruptly terminated) just before exiting through

several ions of atmospheric interest have been an aperture into a 2-stage differentially pumped -"•-

studied as a function of their average colli- vacuum system. A quadrupole mass filter and an

sion energy. The ions studied are derived electron multiplier are housed in the high -" "

from a variety of sources including flames, x- vacuum portion of this vacuum system making

ray ionization of air and those ions which possible the mass analysis (ions and fragments 'r ,

occur naturally in air (produced by background are single charged) of the parent ion and ion

radioactive decay and cosmic rays). An attempt fragments. A further description of the analy-

to better understand and identify the ions sis (vacuum) portion of this apparatus and a

sampled from the latter source is the primary discussion of ion breakup and clustering in and

impetus for the present study. Ions which around the vacuum entrance aperture has been

occur naturally at very low concentrations in published previously.
1
'

2

the atmosphere near ground level have recently Figure I shows the removel of H20 clusters
1'2 +2

been sampled and mass identified.1 Mass iden- from the NH-4 (H20)n ion at low field strengths,

tification of the parent ion does not however while Figure 2 shows the fragmentation of a far

necessarily mean that the ion (even if of more stable ion NO into NO 2 These results are
relatively low mass) can be chemically identi- still quite preliminary and the E/N values (E/N

fied. Thus a second means of identification is the electric field strength divided by the

such as fragmentation of the ions followed by gas number density and is given in Td where lTd ry- .
-17 2mass analysis would be quite helpful. Colli- 10
-  

V cm ) contain considerable uncertainty

sionally induced dissociation provides a means because of pressure variations near the exit-,,

of preferentially dissociating ions (but not aperture. Modifications to the svtem will be

producing additional ionization of neutral completed shortly and improved E/N values

species) while not significantly reducing the should be available at that time.

number of ions available to be analyzed. Col-

lisional dissociation has now become part of

our method for identifying atmospheric ions and

its energy dependance is being studied both to E/N % 800 Td

improve our present measurements and becauseEN 2ld

it is of considerable interest in its own a r.

right. 0 U E/N ' 590

The ions of interest are initially carried 1 1

into the dissociation chamber by a buffer gas E/N -80 Td 0

(typically N 2 or Ar) which expands after pas- [.
sing through a 180v diameter aperture. This E/N 0 -

- E/N ', 150 Td
aperture separates the ion formation region in

which the pressure is about 1 atmosphere and 18 36 54 it 90 46 62

the dissociation region which is typically Mass in AMU Mass in AMU .. ,' -.,.

operated at 10
-
1 Torr. Once in the dissoci- + F

ation chamber the ions are accelerated through Fi'ur H4 (20)n N3 2

the buffer gas by a uniform electro-static in N 2

field, and are allowed to make several colli- ."- ."

sions with the buffer gas before exiting this

region. The ions leave the dissociation region References

by passing through a fine stainless steel

scren (hic alowsthe lecricfied t be 1. F. L. Eisele, Int. J. Mess Spect. Ion Proc.,
scren (hic alowsthe lecricfied t be54, 119 (1983).

2. M. D. Perkins and F. L. Elsele, J. Geophys.
*Supported by the National Science Foundation Res. 89, 9649 (1984).

under Grant No. ATN-84-14-198

*.. ,.......- ..-- .- ,..>-- .-.. -.- --. ..--. "-. " .-.- ,--.--. --. . - - - - --.. .. ".. -.. . . ....--. -, .- -.--..-. .

... . . . .. .-. _ ,. _ . . _ _ = _ . _ . . . ; ,
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LARGE ORDER PERTURBATION THEORY FOR ZleZ2 '""" .
R.J.Damburg,* R.Kh.Propin,* and V.V.Martyschchenko +

* Institute of Physics, Latvian SSR Academy of Sciences, 229021 Riga, Salaspils, USSR+ Institute of Electronics and Computer Sciences, Latvian SSE Academy of Sciences, Riga, USSR

1. The Coulomb angular spheroidal equation is large
(c.a.s.e.) is considered .b ..

,1(5))(1 - -A-p -%+2px2 - = Y (1) 0R

We obtained the asymptotic formulae in K
for the coefficients EK  for arbitrary 4,"'' ["..

where X is constant, Mi is positive inte- forth c iients E fo arbtary t. '
'Z.~ , tZ2fl It appeared that

ger or zero. The asymptotic solutions of Eq.(1) in contrast to the case of H2
+ for some cases

are obtained for p. oo. It is convenient the series (5) are sign changing when K-00c.
to introduce, instead of eigenvalue A , the The cumbersome expressions for EK will be

value presented at the conference.
2p(x- m.- -A4(2) Reference

By using perturbation expausion, one obtaines 1. R.J.Damburg, R.Kh.Propin, S.Graffi,

V.Grecci, E.M.Harrell II, J.Cizek,
Pt =44p 0 = J.Paldu and H.J.Silverstone, Phys. Rev.P 10 (3) Lett. 52, 1112, 1984 _

where ftl is positive integer or zero.
It appeared that there are four kinds of

solutions of Eq.(1) depending on value of X

1) X is not integer 2) X is integer,

tl 4+M+l-X 40 3) X is integer,

rLrrt+i-x >0 , rt1+1-X O
4) X is integer, R=rl 4 X)0

The most interesting result was got in

the case 3. For this case perturbation series
(3) is converging if p where 4pc
is a radius of convergence which depends on

Il , MI and X . However, does not

represent the correct value ." For example,
for r4=ni,,t2,X=2 the correct value is

given by

At the same time Pt does not include

exponentially small terms.
Thus, from the fact that can be

calculated exactly, one cannot deduce that K"
does not possess the intrinsic error

which is characteristic for the asymptotic ex- .- -

pansions.

2. By applying the results obtained for c.a.s.e.

to the ZleZ2 , it is possible to examine the ... ''.. "

perturbation series for electronic terms which

are valid when the distance between Z and Z2

FZ ." ... , ". •.
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ON 717,; PROTON IMPACT EXCITATION OF ZINC, CAEIUM AND ISERCURY ATOMIS

K.Ju.Ciple,* V.L.Ovobinnikov,~ 0.f.Shpenik

Uzhe.vrod State University, Uzhgorod 294000 USSR

IInstitute for Nuclear Researches of Ukrainian SSR AcadftW Of Sciences, Ushgorod 294000 USSR

* Emission spectra ( 2200-8000 ~ ,excited in low observed in spectra. In the figure the example of

energy proton collisions with Zn, Cd and 14' has been the emission spectrum of 1000 eV (LAB) e+ Cd col-

studied. Absolute cross-sections and excitation func- lisionz is given. Absolute excitation cross-secti-

tions of the majority of emissions were measured, one values for the most intensive spectral lines

Excperimental conditions: LA-energy range 10 to 1500eV; (their values given in brackets) were measured at

target atome vapor pressure was about 10-4 to 8.l0-
3
Torr; the samne energy.

proton bean density %as about 5-10-5 A/cm
2 

and enerU 3. In studied spectra the intensive atomic lines oni-

irJioo~eneity_ 3 rV. 'hission spectra were assembled by ginate from triplet states are present, although

scannirfg the diffractional monochromator through the forbidden due to the Vigtier rule. We suppose these

cvlength reLjor. of interest with no worth than 5R emissions to be the result of relativistic effect,

resolution. The effective excitation cross-sections first of all of spin-orbital interaction. Since

absolute values Q.I wore defined by comparison of spect- the relativistic correction for inner electrons
Z 2 1

ral line intensities excited in the investig~ated pro- have the order of ( /137) , producing the chan-

cesses and reference lines of Zn, Cd and Fr~ atoms ges in self-agreed field, where the outer electrons

excited by electron impact in similar conditions. are moving, the efficiency growth of triplet states

Qdefinition accuracy va~s about 5O , excitation funo- excitation in Zn a. Cd and Hg transitions, as we

tions 'easurement error iwas about 4 - observed in our experiment, serves as an indirect

Princinal results are the followine: cni~aino u yohss

*1. Absolute emission cross-sections were found to

vary in the range of 10~ to 1o-
15
o.j.

-2. The atomic and ionic states excitation efficiency Reference

Uin. one-electron or two-electron processes accordint- 1. See, for example, Rens A.Dethe and Edin E.Salpeter

*ly is similar. Moreover, some lines originate from Quantum mechanics of one- and two-electron atoms,
edited by 05ttinger, Heidelberg (Sprineer-Verlag, *

upper states Cnf.7 )both atomic and ionic were Berlin, 1957).

EE

5-

ma

V- - iq 7-22

cC.

i

. .. .. .. . .
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b.%4
ON OSCILLATIONS OP TOTAL CROSS-SECTION FOR EXCITING TIM 23121 LINE IN Ar+ Cd SYSTEM;L N

.Yu.A.KSAV,&RY

Uzhgorod department of the Institute for nuclear researches, Uzhgorod

M.-T.I.Soskida et al have reported at on energy dependence of tot-a, cross-section .a.
IX-th ICPEAC about discovery the pronounced exciting the 2312 A line ac slaw Argon iou -

oscillation structure on excitation function Cadmiu-m atom collisions. - It is tne simplestL

0-(E) of the 2312 1 line (as a function of analogy of the well-knowe- Rosenthal-Bobashev
centre of mass energy E) at slow Argon ion - model2 '3 . The essence ol the new proposeu wouel

Cadmium atom collisions. The 2312 A line is is th.t vnere are three excited semi-lecular
correspond to 5d 2 U5/ 2 - 5p 2 r transition ion (ArCd)+ term- which are situatea close to-
in the Ca ion. Having been carry out a pheno- gether each to other ana which has an intersec-
menological analysis of the observable struc- tion at large internuclear separations. at small-j_
ture on this line in v * 500 eV energy range internuclear separations these terms are being
one may persuasioned that the oscillations of coherently populated via semicrossings with the

radiation intensivity has a complicated nature, main term when the particles have hau drowing
- Actually they are being observable at some together. When the particles are being fly away

smooth (sm curve's background, and they are then the interaction of excited terms at large

consist of at least of two harmonic oscillati- internuclear separations have lead to appearance
one of simple cosine-like type with different of additional Lund.u-Stueckelberg oscillation"

periods as well as with uniformity of local which are still remain on total cross- section
extrema positions in the colliding Argon ions under the certain conditions too. The frequenci-
inverted velocity 1/kY scale. A comparatively es of these oscillations are - for the first

good reproducion of the data one may obtain approximation - proportional to the areas of
by tne formal functional dependence of the reserved loops which are being formed on term's

following type scheme on the interval from small internuclear
separations up to great one, and which are in

= CJ fact approximately equal to 6.1 x 04m/sec and

3.9 x 104 m/sec within the 1/tt -factor accura-
Her e C--sm is Laadau-Zener cross-section cy for the Ar++ uu system. It has been follow
sad the oscillating part from the correlation uiagram for ar ++ Cu system

that it is natural to choose 5s5p 1F°-state ozO sc . 2.9 x[cosqit6.1 x wU4msec xV' 1 +2.2)"is 2 s t
+ cosAU(3.9 x lu 4m/sec x-' 1 -O.4 1  Cadmium atom anu 5d 2u 3/2-, 5u 2u/2-statei ox

+. Caumium ion as an excited termn in the moael
mentioned above. Apparently it is the semimole-

- At any rate all main peculiarities of the cular interference of at least of three inelas-
experimentally observable dependence is conta- tic cnales or reaction resulting the excitati-
in Ln this function in the whole energy ran~ge, on of these leveles becuuse of which the aeeply
Because of the ground oscillations amplitudes moaulatea oscillttions on the excitation zunc-

are even the resulting oscillation must become tion of the 2312 .spectral line in Ar++ u.- "
deeply modulated, at all 1005. This is the re- =ystem -re being to appear.
anon for which one is being observe existence
of a high peak on data at E = 17.7 ev energy HEP3RENUSS
where the maximum of beating has taaen place. i M.-T.I.Soskid et al. IX ICP2AC, bstractu or

-t is one of the some possible varieties Papers, vol.r, euttlc, 179 (1975).
for the model of four semimolecular terms wit,, 2 Hl.Rosenthal. v1 ICPEAC, Abstracts of Papers, .'-. -

auditionaL interaction at large internuclear Cumbriage, 302 (1969).
separations in the framewora of which une can 3 b.V.Bobauhev. oov. Phys. JSTP Letters 1, 260
reacn a simple and natural exploration for the (970.

effect of ceep modulation of the oscillations

* ...-*. . . . . .-..
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IMPACT-PARAMETER DEPENDENCE OF 6 -ELECTRON EMISSION

IN FAST ION-ATOM COLLISIONS*

C. Kelbcn. J. Ullrich, V. Danqendorf. S. Kelbch.
W. Schadt, K. Bethqe. H. Schmidt-Bockinq %'

Institut fur Kernohvsik der Universitat Frankfurt
D-6000 Frankfurt/Main / FRG

in Dasic Derturbation theories. the matrix certain impact parameter b is then derived
oe,.-ent for an ionization process in fast from
ion-atom collisions is mainly given by
<,f V(Rl, bi >where L.i is the initial state d

3 
p (b, Ee,ee) d

3
NC(b Eee)

' tne electron and f is the final con- dne dE • db d NTot (b) doe dEe

tinuum state, V(R) represents the nertur
-  

where d
3 
N is the number of true coinciden-

Dation Dotential for a given traiecto-v ces per eiectron energy interval dEe and
Rit). i.e. tne measurement of triple electron detection solid angle de. and
differential 6-electron probabilities d NTot (8) is the total number of par-

(13 P(D. Ee. ,o) ticles detected at scattering angle
10 dEe doe a = e(b).

for a fixed oroectile trajectory enables We have measured the impact-parameter deoen-

a direct COmDarison with calculated matrix dence of the 6 -electrons in the systems:
elements (o is tne Impact parameter. Ee
the electron enerov, 'e the electron I, 2.2 MeV He Ne,Ar: IOOOfm< b< 1200fm
emission anale). 4 MeV 0 NeAr; 4000fm< b< 12000fm

Measurino subsnell ionization probabili- 5.10 MeV Ne Ne 2000fm< b< ll000fm
ties or doubly differential cross sections i h n y g eV.10--eV.
for electron eiection, the exDerimental the enerqy-range 150eV < Ee <
value reflects generally only an integral We also observed a rise of the emission

over many matrix elements. probabilities for small impact parameters.

Theoretical calculations from Trautmann et.
Only a few data have been Published con- al. /5/ are in significant disagreement
cernini imoact-narameter dePendent h-elec- with the measured data."-"--"-"

tron snectroscooy /1,2,3/. The Dublished th''he'me"-ured.-ata.

data sets were measured in the range of
very heavy collision systems, where the
6-electron energies exceed the classical
binary encounter enerqy limits /3/ or in REFERENCES
the rane of liht, nearly symmetric
sytnem r e of ligh, on earlyr Smmetric / /1/ A.Skutlartz, S.Haqmann; Phys. Rev. A
systems (e.g. F on Ne /1/ or S on Ar /2/1 28 (1983) 3268

* where duasi-molecular effects may olav a /2/ C.L.Cocke, H.Schmidt-Bbcking,
*major role.12 .. okHShit8cng

R.Schuch; J.Phys. 315 (1982) 651
Those daa1,1So ieat /3/ F.GUttner et al. Z. Phys. A 304 (1982) .'"These data /1,2/ show a surprising rise at 207

small impact parameters in the 6-electron /4/ D.Trautmann, F.Rsel: Nucl.lnstr.Meth.
emission orobability with increasing b. 169 (190) 259ile;Nc"nt.eh
ITis rise, which is in disagreement with 169 (1980) 259
theoretical calculations, (done in the c D.Trautmann, F.Rdsel; orivate communi-
SCA-aDoroach /4/ is at present not under-
stood at all. Stimulated by these results,
we nave started a systematic study of
6 -electron emission probabilities from very "

asymmetric to symmetric ion-atom collision partially supported by BMFT
-

systems.

Inc exoriments were performed at the
2.5 MV and the 7 MV Van-de-Graaff accele-
rator of the Institut for Kernohysik der

Universitat Frankfurt. The ion beam was
collimated down to 0.2 x 0.2 mm

2 
and

passed throuqh a target gas let. placed in
the focus point of a hemispherical elec-
trostatic electron analyzer. The scattered
particles were detected by a position
sensitive parallel-Dlate avalanche detec- --
tor which consists of concentric rings to J'
determine 16 scattering angles between
0.10 and 10 simultaneously.

The energy-analyzed electrons were detec-
ted in coincidence with the scattered

tion of a 6-electron with energy Ee for a

::L' :" !!i :'::'::i: i ii ?ii !iii!!!?i'i2
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EVIDENCE FOR INDEPENDENT PARTICLE BEHAVIOR IN FAST RYDBERG HYDROGEN

ATOM COLLISIONS WITH NEUTRAL ATOMS AND MOLECULES

M. King*, L. Wang, and T.J. Morgan

Physics Department, Wesleyan University, Middletown, Connecticut 06457 USA

We have performed a series of experiments in order the energy of the Rydberg beam is decreased the dominant

*,. to confirm unambiguously that in fast collisions between collisional mechanism changes from eR scattering to core *%,. %

* high Rydberg atoms and neutral perturbers both the scattering with the cross over at about 11 keV. This "

Rydberg electron and the ionic core scatter quasifreely. occurs because the H+ electron capture cross section

Previous measurements by Koch
I 
using 3.3-6.2 keV/amu rises to a maximum at low keV energies while the eR

high Rydberg deuterium atoms in collision with N2 hinted scattering cross section decreases due to the Ramsauer- 7-

* this is true, and served as motivation. We have carried Townsend effect. It is clear that oD = oe + op over the

out absolute measurements of the total destruction cross entire energy range and that H(n) scatters with a large

section (sum of ionization, excitation, and deexcitatio o cross section even in the presence of a deep Ramsauer-

* for 2.5-40 keV/amu high Rydberg (20sn 30) hydrogen and Townsend minimum in the free electron scattering. Addi-

deuterium atoms in collision with Ar, N2' and CO tional data will be presented at the conference to sup-

The model for these collisions treats the Rydberg port the independent particle behavior of Rydberg atoms

" electron eR and core ionic proton as independent scat- in fast collisions.

terers. This view is based on two important character- Work supported by the NSF and DOE, Office of Fusion

istics of the collision: (1) the effective interaction Energy.

between the charge components of the Rydberg atom and References

the neutral perturber is short ranged compared to the *Permanent address: Lawrence Livermore National Lab-

eRp separation and (2) the translational velocity of oratory, Livermore, California 94550 USA

- - e- is large compared to its orbital velocity. Iths 1. P.M. Koch, Phys. Rev. Lett. 43, 432 (1979).

case the Rydberg destruction cross section oD should 2. Average values of several experiments.

equal the sum of the free electron and free proton

cross sections, i.e., c = c! + c. T'
fast beam of hydrogen Rydberg atoms H(n) is pre- rENERGY (eV)

pared by electron detachment of H in H2 . H(n) then 1 2 5 10 20

passes through a static gas target with the absolute

pressure measured by a capacitance manometer. After the f"H(n) Argon

target, the population in a band of high Rydberg states 50- - e -+ H
is measured using static electric field ionization. The A

experiment relies on a determination of the intensity of

H(n) after the target as a function of absolute target E

pressure. Background contributions due to collisional * 20"
prdcino + '0 """"'

production of H are reduced by application of a con- 
. .

stant electric field just prior to the field ionization Z

- region and by voltage labeling the field ionized H
+ 

sig- 10..

* nal. Background contributions due to neutrals in the L" +

beam other than H(n) are subtracted by electric field H

modulation techniques. In this way a well defined band co 5 -

* of n states can be isolated and detected. A .R

The attenuation of H(n) is exponential and the L.'"

slope of the transmitted H(n) signal versus target

thickness yields the collisional destruction cross sec- 2. -

tion. Least square fits to the data were performed up
14 -2 25 1 0s

to target thickness of 3 x 10 cm corresponding tocm corresponding toH ENERGY (keY) """['

about 70% attenuation. Operating pressure in the

detector region was 1.5 x 10 torr. FICIRE I. Cross section versus energy for 11(n) + Ar

The results for Ar are shown in Fig. 1. They are collisions.

2
compared with free electron and free proton data. As

-. C.-... .-.

....... .... ... .. ........... .. ....% ... ........... ...... ........................ ........ ...: ... .. ....
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IONIZATION CROS-SFCTION OF YTTERBIU ATOMS BY ELECTRON IMPACT

*V- . .M.Ali, P.N.Volovich, V.L.Ovchinnikov, L...Shimon

+ Uzhrorod State University, Uzheorod 294000 USSR

Intitute for Nuclear Pecearches of Ukrainian SSR Academy of Sciences, Uzhgorod 294000 USSR

Total ionization cross-section of atoms 5 to 300eV ionization from 6s and 4f Ybh atomic shells. Through -

* impact ener-y ran e is measured for the first time. the entire enera range the measured cross-section I- .
0 :easurements were performed in crossed electron value is close to the one obtained by Mann formula for

and atomic beams. Atomic bean was modulated 13, a vibra- so feV 2& 0 3W
tional interrunter i:hile measurinr the ionization func- . .... ........ ..... .

tie. The variable component of ion current was deposi- o O

ted b: r l ctive amplifier and synchronous detector, . ..0

* "to: .ic bea. densitvy was measurcd due to the shifting of 7

" quartz resonator freyuency, resulting from the .-tterbiun 0

suttering on its urfaco. :b:perimenta conditicns were L 0

the fol c o n: atoric density in collisionai regions I/ lAL k 1C°. .

S( , - ,:)-Io O:- ; electron current ma gnitude °
(/ - IO)I.C-A; electron eneregy spread did not exceed 3 o -.

-eV; ion current magnitude (1 - 3).10- 11A; residual 2

-s pressure 5-10 Torr. The error cross-section defi- I'
nition -s about 30 ,'"; the error in ionization f uction o. 2 30 [ 0o

measuring was about :. Fffective cross-section increa- 10

sen rapidly from the ionization threshold (6,25eV) with calculation of single atomic ionization cross-section

the growth of electron energy ( the initial zone of the in slow electron collisions.

function is given in a stretched scale of the figure).

There are some maxima emphasized on the curve at 22eV and Reference

33eV energies. They exist, probably, due to single 1. J.B.Masm, J.Chem.Phye. 46, 1646 (1967)

IM
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.

. . .* * . - ~. -a- <



708 M153

K-.EMISSION IVESTIGATIOx1i BY SLI.CTRON BW,1BAR1)L12NT OF FRE. POTASSIU.r A2OUL

ZAPESOCHYY I.P., VUKSIiid V.S., SOL0!OIT A..I.

Uzhgorod department,Intitut of Buclear Research,Uzhgorod,Ukrainian SSR

The study of K-shell ionization processes in ti;.e of the expert. iental pnrawiutei's Lan ca-

by electron impact via detection of accompanied se of the lonZ e::Dosition cOuration. e

X-ray emission is difficult because of influ- On the base of the constructea appnratus

ence number of factors: 1) the ionization cross- .-,e at the firsi investi,-;ato t,'ic o ::citation of

section for deep inner shells of atoms are 1-ceriosfor'i' ~u ate..c in the energy

relatively small (-1
2 cm ) ; 2) the fluores- ranLe 1)'o 11 t:_-_:'o]_olener-y vna:ez,.2he ob-

cence yield for light and middle atoms is snail te-ined dependence of efficiency of i:-emiision

in comparison with an Auger electron ejection; excitation as fun~cion of incdont electron

3) the intensive bremsstrahlung reduct to the cenerGy has a .. xiu t 05 - 4 tkroehold

small values of the signal to noise ratio; enerL; values.

4) the efficiency of the dispersive spectral On the fig ure our results are in' compari-

apparatus in the X-ray region is snail also. --on vthsenie..>iricadlcJ;on carried

Besides in the case of free metall atoms m)t by Lotz -ndc tZW! -!ivartz) fonr.Jzle.

its concentration in the bean is a few order

smaller then in the case when one utilize for I I
Cei

the sane purpose films on substrate.

Recently a number of investigation for

K- and L-shells ionization are carried out by C)

utilization of electron bombardment of thinM

films and gaseous targets in the near threshold
enrg re ,2,3 2,0~.energy reg2o or in the case of relatively 20~-~

.4high energies

In spite of all difficulties the investi-

gation of this problem for free install atons

is actual.Fer fulfilment of systematic K1-shell orrsl

ionization investigations f.)r metall atorne in / -- calcul.oy Loty,

the %,ride range of the threshold energies the I--calcul.oy A{udte

apparatus writh intersected electron and atomo

oeanis was constructed.The accompanied to 1-shell

ionization X-ray emission was reristrated by 0

an Si(Li) semiconductor detector in the direc- J 1 20 30 40
tion perpendicular to intersecting, befunis plane. ke
The main parameters of the apparatus are: ke

the concentration of atoms in bean was -10 1 1..:ixa -<n K..eai an('.

cm 3 ; the incident electron energies varied fru.

500 eV to 50 keV; the electron current was 1i:A; .Paa..* rc nO oo . . cer.

the preasure was 5.olJ- 7orr.The energy sepa- rhoc ~j
ration of the detector ..as 260 eV for the line 3 .. aroli uarles "nad t-r_ n.

5,9 keV,the quanta dPetection region vas 2-3Jkev. 2,,147,1L

It wias forsee the modulation of the atosiic : .pheJ .'1~7 :e c

bean to take into account in spectra the sub- p

strate from brensgtrahlung and fluoresccnce * ,' .Lt...p .,.,',i.7.,I *.

effects from the chamber surface be in the -r e)C.;.c ~o.
field of view of detector.-2he modulatio~i per- >,.3

inits us extract the influence of slo.. variation

.............................................................
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The invostiLati,)n u.Z angular correlations the "scvttered"-electron analyser start a ti

'11.~f ocra. erod and ejecteC electrons an.,.,- nze-to amplitude converter T. U while pulsesp cat~ :Ath the autoionisation processes is from the "ejected"-electron analyser is deltL-
-i~e -.-o:er'ull mct~iod or studyinC, the energ~y yed by a leng~th of coaxial cable and stop the-
structu~re of atom in ioni.::,tion continua. 3uch 24J. The arrival of a pair of electrons w-ith

* xperiinents, first, lead to the detzsr.ination a j-iviin timie correlation thancorresponds to .
fthe triple differential cros.. section end a particular pulse heig~ht out of the TAU,. ~ .

eable comparison to be :.ade ith theoretical

models for these processes. becond, it should

bmade tile accurate spectr:oscopic i'dentifi- I W

cion of the lines in electron spectra.D

-or tiiesa purposes in our laboratory has

been constructed ap)paratus mipainly consisted

of (0,2e) spectrometer and electronic coinci- PM

aece circuit(see figure).

The scattered and ejected electrons are

analysed with respect to their enorZgy end

ateigang;le, by two identical 1270 elec- A
static cylindrical condensers Al,.

2e source of inetal vapour atoms is all heating

ovea wit.- the aperture 0,4 a in diamneter. In

order to obtain the Lgas beam, the tube, of 6 11:11

an loagtlL an6 3,1" :,lim ina diwieter ,as used.

e ie,2'e) spuctrome6v3r parameters ure thedea

following': 
A

- the incident beam energy - 5 4 15oJ eV

and tim cll_ 7ent - 1 4 C C

L - one-r:: and angular -.'esolut ions of both

electron analysors is J,2 eV and2

respectively;

- the rotaition OfC aw lyuurz can LC? provice Fig;.1. Schiematic diag.ram of (e,2e) spec-

over an aniuler ranLge- -r')'! 1- to 14J trorneter end coincidence electro-

ith ..espect to the incident11 beama; nice.
'.the vtnpour tcxr e)t denmsity in thie _-catt-L;,

n,, c.mtreul . eu 10c 3  A ;;iulti-channel analyser -C~A performs a pulse-

~;.r~x~to.ter .e I-,ounted ili stalin-leer7 higiht analysis on the TAC output. In order

,;t .A .. ~ which _!s pua'ped cownr to to isolate the true coincidences, two single- IWY
1.1 1J2orr by; an 5ji liter/cec turbo:,iolecular channel analysers SCJL- with variable wridths

% up of wvindo,,s end up-do.ein counter are set up.

Tile sig:nal-processing, electronics are With the apparatus explained above, the

ollovnm schemiatically in figure. '.'le charge pul- ..reliminary measurements of energy loss- end
sc fron: each of the detectors D are processed ejected electron spectra of lithium vapour

by tile preamiplifier-amplifier-dis criminator have been made.

systeni to (give fast logic pulses. Pulses from
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